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ABSTRACT
In comparison with other industries that have incorporated larger automation and
digitalization towards their manufacturing process, construction industry is significantly
behind the curve even though it accounts for 13% of the industrial expenditure worldwide.
Also, construction industry significantly lags behind other industry in terms of annual
growth in productivity at only 1%. Introduction of digital technologies like 3D printing of
concrete into construction sector can improve the productivity performance and logistical
issues in construction. 3D printing or additive manufacturing is a technique, wherein
materials are assembled layer-by-layer to form a 3D object or element, without the need
for any formwork. The main challenges faced by this technology are developing a wellcharacterized and tunable rheology of materials used, integrating reinforcement into the
construction, developing appropriate standards for design and printing of concrete
structures that are well calibrated and accepted by the construction industry, etc. There is
a growing interest in investigating additive manufacturing processes using cement-based
materials in the construction industry.
Of fundamental interest in designing cementitious mixtures that are suitable for 3D
printing is the ability to control not only the rheology of the mix but also other printability
characteristics such as buildability, open time, shape stability and bond between the layers.
These characteristics can be affected by using a combination of mineral and/or chemical
admixtures.
The focus of the present study was to examine the influence of binary and ternary
mixtures of cementitious materials containing silica fume (SF), meta-kaolin (MK) and
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ground granulated blast furnace slag (slag) with portland cement on rheological and 3D
printability characteristics. These materials were used in combination with specific
chemical admixtures such as superplasticizer (SP), viscosity modifying agent (VMA), set
retarder and an additive, polypropylene fibers. In this study, the replacement levels of
SCMs such as SF, slag and their combinations have been studied for various properties like
flow, open time, setting time, rheology and mechanical properties. Findings from this study
indicate that achieving a flow between 126% and 133% based on standard flow test (ASTM
C1437) was essential in obtaining a mixture that is extrudable. The time-gap effect, i.e. the
gap in time between the casting of two adjacent layers, on the properties of the printed
layers was studied by determining the flow behavior, rheological and hardened properties
of the material which were measured at different time gaps of 0min, 5mins, 10mins and
20mins. The effect of aggregate shape on the rheological and mechanical properties of
these 3D printed assemblages were studied by using various replacement levels of natural
sand (more rounded shape aggregate particles) with manufactured sand (more angular
shaped particles) in the cementitious mixture. The bond between the layers of the
cementitious materials, i.e. interlayer shear strength in the fresh state, has been evaluated
for all binary and ternary blends containing Portland cement, MK and slag using a shear
test developed in house, known as J-shear test.
The findings from this study indicate that achieving a finite flow value in the fresh
state, along with adequate rheological properties (yield stress and plastic viscosity) are
essential in developing a feasible 3D printable cementitious mixture. In general, as long
as the bond between the layers is adequate, the mechanical properties of the 3D printed
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assemblages are not significantly different from the monolithic casting of the mixtures.
For a given set of cementitious material combinations, the shape of aggregate particles has
a definite influence on the rheological characteristics of the mix which can impact the 3D
printability of the mixtures. It can be concluded that the presence of higher percentages of
angular particles in the mix will lower the flow of the mix and increase the yield stress and
plastic viscosity of the mix.
The impact of vibration on the flow behavior of all the mixtures was investigated
in this study. It can be concluded that inducing vibration in fresh mixtures significantly
enhanced flow of the mixtures and improved the rheological properties of all mixtures, to
allow for 3D printing. However, the duration of vibration needed to achieve adequate flow
depended on individual mixtures. Mixtures with higher contents of fine SCMs such as MK
and SF, and mixtures with more angular aggregate particles needed longer duration of
vibration to achieve adequate flow values needed for suitable 3D printing.
In conclusion, the principal findings from this research study indicate that various
parameters such as mixture proportions, types of SCMs and chemical admixtures,
aggregate characteristics and physical manipulation factors such as induced vibration can
impact the 3D printability of a cementitious mixture. By suitably tuning of all of the
elements, a 3D printable cementitious mixture can be produced that has adequate
printability, extrudability, buildability and shape retention. Additional research is needed
to investigate and calibrate the findings from this study to validate the 3D printability of
larger elements and full-scale structures.
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CHAPTER 1
INTRODUCTION
1.1

Concrete 3D Printing
Additive manufacturing, also known as 3D Printing, is a method of construction that

has the capability of fabrication a building element which is predesigned in 2D layers on
top of each other [1]. In traditional construction, blocks are manufactured in the factory
which involves manual labor and production equipment. These blocks are moved to site as
shown in figure 1-1 using machinery and manual labor. Using a 3D printer replaces these
processes and the printer is controlled by single operator constructs walls in few days.
Manual labor and logistics are reduced, and this is the major reason for 3D printing to be
cheaper than traditional method and the other benefits involve saving time, less waste
produced, and architectural aspects can be achieved.
The demand for 3D printing of concrete is increasing due to several advantages that
this new technology offers. The automation offered by 3D printing can significantly
decrease the need for skilled labor, while substantially increasing the productively. Also,
3D printing offers the ability to build freeform structures without the need for erecting
complex and expensive formwork. Also, significant reductions in workplace injuries and
safety measures can yield cost-savings in the long-run. It is estimated that the benefits
offered by 3D printing can translate into cost-savings of 35% to 60% of the overall costs
of concrete structures [2].

1

Figure 1.1 Comparing traditional construction with 3D printing of concrete

1.2

3D concrete printing (3DCP) process
The 3D concrete printing (3DCP) process as shown in Figure 1-2 involves two

segments, the first being developing the model to be built using a software and segment
the model into 2D layers. The second segment being the translation of the 2D layers into
commands that the 3D printing machinery can understand and execute. In the first segment,
objects are modelled in 3D software such as AutoCAD® or SolidWorks® and then these
models are sliced (to define the layer dimension) using another software such as Ultimaker
Cura®, 3DPrinterOS™ CraftsWare and others. A program file in the form of G-code is
generated for printer to read and perform the job. An integrated printer in the form of either
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robotic or gantry system is connected to a pump and a hose pipe that is required to deliver
the material to the nozzle head to deposit material layer by layer [3].

Figure 1.2 3D Printing process

1.3

Mix design challenges
Since the manufacturing process is different from the conventional method, the

properties of 3D printed concrete and the performance of the 3D printed objects need to be
closely monitored to ensure adequate performance. To design a mix which is optimum,
certain goals, sometimes conflicting in nature, must be attained and optimized. For
example, if the compressive strength is to be increased, water-cement ratio of the mixture
should be minimized, however certain minimum water content is needed to achieve the
desired workability and cohesiveness of concrete [1]. The mix should be sufficiently
pumpable but rigid enough when extruded to maintain the desired shape. In addition to
this, the mix should be flowable but at the same time it should be buildable to hold the
weight of the subsequent layers. At the end when mix is poured, it should set fast but not
fast enough to achieve adequate bond between the layers [1]. The important aspects of
concrete printing are flowability, extrudability, buildability, setting time and open time.
Extrudability is the ability of mix to be extruded through the nozzle to form small concrete
layers. Buildability refers to ability of concrete to hold further layers without collapsing

3

and this must take place without deformation before setting. Open time refers to the time
from the end of mixing until a point of time when the mixture can no longer be effectively
3D printed. As the mixture tends to change in its flowability with time, open time provides
a window of opportunity for a mixture when the mixture can be effectively 3D printed
without any concerns arising from cracking or lack of bonding between the layers. The
main aim of the mix design is to develop a mixture that ensures that each printed layer
stays adhesive enough to bond with the other layers printed before it and has the capacity
to maintain the extruded shape when printed [1]. Rheological properties of fresh mortar
play an important role in the printing process especially when the shear stress in the
concrete exceeds the yield stress [4]. The yield stress of fresh mortar increases with the
time and the time at which the layers are printed affects the buildability [4]. A successful
3D printed structure is achieved by controlling the rheology of the mixture, optimizing the
open time and achieving the required strength.

1.4

Supplementary cementitious materials
One of the important ingredients in modern concrete mixtures is the supplementary

cementitious material (SCM). While SCMs are primarily used for their ability to exhibit
pozzolanic reactivity, the use of SCMs also profoundly influences the fresh concrete
properties that are vital to 3D printing of concrete. Among the various SCMs available, we
considered the use of meta-kaolin, slag and silica fume in this study as they are well known
to impart certain unique rheological characteristics such as increase in plastic viscosity,
induce thixotropy and reduce bleeding and segregation [5]. Comparative studies have been
done on the effect of ground granulated blast furnace slag, meta-kaolin and silica fume on
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the flowability, rheological properties, setting behavior, extrudability and the hardened
properties of the mixes. Meta-kaolin (MK), one of the most effective pozzolanic material
is typically used at low dosage levels of up to 10% cement replacement levels [6]. At
dosage levels greater than 10%, MK can severely increase the water demand and enhance
the plastic viscosity, and hence it is not suitable for 3D printing. Also, the cost of MK is
significantly higher than that of cement rendering it not economical for large scale use for
routine application [5]. It is proven fact that when MK is used in concrete, it becomes more
cohesive and less likely to bleed and this leads to easy pumping and finishing processes
[6]. Compressive strength of concrete containing MK also increases up to certain cement
replacement level and remains unchanged at higher dosage levels, and it is more resistant
to attack by sulfates, chloride ions and freeze-thaw effect [6]. Silica fume (SF) is a property
enhancing material which is typically used in low dosage levels considering its cost and
drying shrinkage problems. Silica fume increased the yield stress, cohesiveness, and
improved the structure homogeneity and stability which appeared to be an advantage to
print layers [7]. Indeed, it reduced the fluidity, bleeding and the blockage of layers.
Additionally, it also improved the passing ability through the extruder and showed a greater
resistance to penetration [7]. The ground granulated blast furnace slag (GGBFS) is used in
this study since it has properties to improve, workability, strength and durability. The
particles of GGBFS have a very glassy texture that makes them increase the workability
[8]. Handling and pumping of slag are very easy since there are fewer chances for
segregation. Pumping is facilitated by the lower relative density and flowing ability of the
slag mix [8].
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1.5

Problem statement and Research significance
The complete process of 3D Printing is entirely dependent on materials, design and

machine. Proper coordination is required between all the three to build a structure. Despite
having various advantages, 3D printing of structures has various challenges that need to be
addressed such as proper rheology of materials, adequate structural capacity, durability,
need for reinforcement, printing of overhanging structures, appropriate standards for
design and printing of concrete structures. The major challenge out of the previously
mentioned challenges is concrete material itself. The four material challenges are
mentioned below.

1.5.1 Balancing the shape stability and flow parameters
The mix design needed for 3D Concrete printing should be balanced with respect
to flow and buildability parameters. The concrete should have a consistent flow and should
be easy to pump before extruding it. After extrusion process, the concrete should be stable
and strong enough to support additional layers that will be built upon the previous layer.

1.5.2 Maintaining the Workability
Workable concrete is the key to good printing. Concrete loses workability soon
after its mixed even though it takes longer time to harden. Admixtures such as
superplasticizers may need to be added to the mix to maintain the workability.

1.5.3 Buildability of layers
Building of the layers one by one is the key method of 3D printing. Each layer is
supported by the strength of previous layer. Wet concrete is generally prone to slump when
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weight is put on top of an initial layer in the form of weight of subsequent layers placed on
it. Ideally, no-slump concrete should be used so that mix can withstand the weight of the
layers above and this is the major challenge since no-slump concrete is difficult to pump
and prone to cracking. Balancing the need for workability to be able to extrude concrete
layers that achieve sufficient strength in a short time so as to be able to withhold the weight
of subsequent layers is essential.

1.5.4 Controlling the setting time
The setting time of the concrete is related to the speed of the printer. The printing nozzle
is moved at a precise speed or slow enough that the lower layers can hold the weight of
new layers without collapsing. However, the printer head needs to be moved fast enough
that the layer below does not set fast. If the layer below sets up fast enough, the next layer
will not develop a good bond, which can result in weakening of the structure, or formation
of a cold joint.

1.6

Objectives

The present study has four main objectives:
The principal objective of this study is to characterize the impact of various SCM’s
such as Meta-kaolin, Silica fume, Slag at different dosage levels on the fresh,
rheological and hardened properties of concrete for applications in 3D printing.
To develop test methods to study the effect of vibration on the flow behavior of the
mixtures.
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To develop general recommendations for the use of these SCM’s in 3D printing
concrete mixtures.
To study the test method to determine interlayer bond strength in fresh state of the
mixtures and its effect on various SCM’s.
To study the behavior of aggregate shape on the flowability, rheological and
hardened properties of the mixtures.
To investigate the time gap effect on fresh, rheological, hardened and durability
properties of cementitious mortar.

1.7

Organization of the dissertation
This dissertation presents the mixture proportioning of cementitious mortars

containing various SCM’s such as Meta-kaolin, Silica fume, Slag at different dosage levels
on the fresh, rheological and hardened properties of concrete for applications in 3D
printing. Effect of layer interval time on various properties of 3D printable cementitious
mortar have been discussed. This dissertation also presents the effect of aggregate shape
on the properties of concrete for application in 3D printing. This dissertation comprises of
nine chapters. Each chapter is briefly described as follows:
Chapter 1 presents the 3D concrete printing process, mix design challenges,
advantages of using SCM’s, problem statement, research significance and objectives.
Chapter 2 discusses the state of the art and challenges of digital construction in 3D
printing of concrete including its materials, mixture proportioning, mechanical properties
and its consequences on the construction industry.

8

Chapter 3 presents the various parameters of 3D printing. Material composition of
all the mixes (containing the SCM’s) considered for this study have been illustrated.
Various tests on fresh properties have been performed and the effect of using different
levels of mass replacement of cement with various SCM’s have been studied.
Chapter 4 discusses the Influence of silica fume and slag in binary and ternary
blends on properties of 3D printable cementitious mixtures.
Chapter 5 presents the influence of MK and slag on properties of 3D printable
cementitious mixtures for application in additive manufacturing.
Chapter 6 discusses the effect of layer interval time on properties of 3D printable
cementitious mortar.
Chapter 7 presents the influence of aggregate shape on the fresh, rheological and
hardened properties of 3D printable cementitious mixtures.
Chapter 8 discusses the test method to determine the interlayer bond strength in
fresh state using J-shear apparatus on binary and ternary blends of OPC, MK and slag.
Chapter 9 presents a general guideline to 3D print a mix, summarizes the results
obtained and recommendations for future applications and research in 3D printing of
concrete.
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CHAPTER 2
LITERATURE REVIEW
This section provides the present studies and past studies related to 3D Printing of concrete
and reviews the published studies on materials that are been used for printing of concrete.
Considering the aim of the present study, this section has three main parts. The firstly, the
various types of 3D printing which are currently existing, secondly, the various
construction materials that have been developed and thirdly, the various structures that
have been built suing 3D Printing technology have been illustrated.

2.1

Types of 3D concrete printing systems suitable for construction

There are various types of 3D printing systems available like gantry-based, arm-based and
mini-builders. Gantry-based techniques can be classified into contour crafting, D-shape
and concrete printing as shown in figure 2.1

Figure 2.1 Types of 3D printing systems

12

2.1.1 Gantry-based systems
Gantry-based systems are adopted and use a gantry to position the nozzle in XYZ cartesian
coordinates. There are different types gantry systems available and being utilized in the
manufacturing industry. In construction industry, the three 3D printing techniques that are
most commonly practiced are Contour Crafting, Concrete Printing and D shape.
Contour Crafting: Contour crafting, one of the mostly widely used 3D printing techniques
in the construction industry. It is a combination of extrusion and filling processes, where
the base material is extruded out through the nozzle and deposited in layer along a certain
pattern. Two trowels are attached to this nozzle. They support the material deposition as
shown in the figure 2.2 by making sure the required form, smoothness is achieved and
thereby increasing the quality of the final part produced [1]. In building construction
industry, CC is also practiced by using a gantry system setup with a provision for material
deposition by connecting the nozzle on to the moving cross beam as shown in the figure
2.3 [1]. Construction of houses, complex shapes, printing of accessories and conduits are
few areas of application for this process [2].

Figure 2.2 Support given to the material deposition [1]
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Figure 2.3 Gantry system [1]

D shape: D-shape printing is similar to the inkjet printing process in terms of using the
powder to print the desired component. In this process the base material of dry-mixed sand
and silica is selected and spread over a flat surface. Now, the binder is deposited exactly
over on the surface where the final component is required. This binder liquid permeates
through the mix and settles down on the bottom hardening the layer in a required pattern
and leaving the surrounding sand unhardened as shown in the Figure 2.4. This process is
repeated until the whole part is formed and hardening of the complete part takes usually a
day.

Figure 2.4 D-Shape printing
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Concrete printing: Concrete printing is very similar to the Contour crafting due to the usage
of top crane for mounting the print head to extrude the cement mortar [3]. A group of
researchers at Loughborough University have built this system first in 2012. In this process,
the material was mixed was in small batches and fed to the hopper to keep up with the
freshness [3]. This is fed through the nozzle and spread along the required pattern to final
component. Concrete printing is advantageous over CC in terms of the ability to control
complex geometries because of its less deposition resolution. However, this method poses
a limitation on the production rate, due to the use of only single nozzle when compared to
two nozzles in the D-Shape printing process [3]. The following figure 2.5 shows a printing
frame of concrete printing.

Figure 2.5 Concrete printing set up

2.1.2 Arm-based systems
Compared to gantry-based systems robotic arm systems are relatively new. Tangential
continuity method of printing is adopted allowing the end effector (print nozzle) to perform
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more articulate print designs as shown Figure 2.6. A continuous rate of curvature is
maintained allowing smoother transition of print layers giving more aesthetic look in
tangential continuity method [4]. The robotic arm was mounted on the Digital Construction
Platform (DCP) and it was trach driven for on-site fabrication of printed structures.

Figure 2.6 First 3D printed concrete element in UAE by DuBox

2.1.3 Minibuilders
An alternative approach for concrete 3D printing was presented by Minibuilders.
Three small mobile robots are used in the system. The first robot builds the concrete
foundation and it has a sensor equipped that follows the initial marked path. The second
robot was placed on a foundation and it was gripped with rollers before printing additional
layers of concrete and building up the structure. The last robot uses suction cups and
pressurized air to build vertically and reinforce the printed structure which had only
horizontal layers.
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Figure 2.7 Small robots printing large-scale structures [4]

The various types of 3D printers and their build size in various countries are shown in
figure 2.8.

Figure 2.8 Types of 3D printers that are available

2.2

Printing of cement-based materials
This section discusses the various additives and admixtures which are used in the

design of printable concrete. Few of the initial attempts were using high fiber content in
extruding the cementitious materials [5,6]. In order to be able to extrude a cementitious
material, it was found that few rheological modifiers like methyl cellulose or calcined clay
were found to be essential [7,8].
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Srinivasan et al. [9] assessed analyzed these mixtures by using extrusion rheology.
The rheological properties like flow, deformation of matter is measured by using a
Rheometer to understand the stress-strain relationships. The ram extruder of the rheometer
extrudes the material through a circular die at a uniform stroke rate. By varying the
hydroxypropyl methyl-cellulose proportions, the variation between the pressure and
distance relationships were plotted. From these graphs, it was observed that without the
HPMC, water gets squeezed out from the mixture thereby increasing the pressure. Whereas
the pressure remains constant and stable by increasing the HPMC content.
Kuder and Shah [10] has studied the extruded material by visually inspecting for
defects like shape distortion, surface irregularities and found that a minimal amount of
methyl cellulose or a combination of methyl cellulose and calcined clay is essential for
successfully extruding the material. Load carrying capacity of cylindrical specimens made
of fresh concrete were used to determine the green strength.
The influence of calcined clay, fly-ash and high- range water reducing mixture on
green strength of the cement paste was studied by Tregger et al. [11]. It was observed that
with calcined clay, the green strength increases whereas it decreases with the addition of
HRWA or fly ash. Strain controlled rheometer with a coaxial geometry is used for
measuring the shear yield stress and compression yield stress by centrifugal method [12].
Addition of fly ash decreases shear and compression yield stresses whereas it increases by
the addition of calcined clay.
The influence of fly ash on the variation of rheological properties of extrudable fiber
composites was studied by Peled et al. [13]. Extrusion pressure vs piston movement was
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analyzed for fiber composites by varying the level of fly ash. It was observed that the
extrusion pressure decreases in acrylic and polyvinyl alcohol (PVA) fibers, increases in
cellulose fibers whereas no changes in case of cellulose fibers [13].
The effect of adding of fly-ash and calcined clay on flowability and shape stability
was studied by Voigt et al. [14]. It was observed that the flowability was increased and
shape stability of the fresh was reduced with the addition of fly ash. However, calcined
clay addition has increased the shape stability and slightly reduced the flowability.
Thereby, it was identified that addition of both calcined clay and fly ash would be helpful
for attaining the required rheological properties like good flowability and shape stability.
Rate of rebuilding under shear induced breakdown in cement mixtures with calcined
clay was found to be higher than plain cement mixtures. Due to hydration effects, this effect
would be diminished with longer resting time [13]. In a hysteresis loop test, the area
enclosed between 20 and 80 s-1 strain rates was assessed as thixotropy. The rate of cement
hydration was determined by using an Isothermal calorimetry. With the addition of Nano
clay, both rate of hydration and area within the hysteresis loop increases. With the addition
of attapulgite clay, an increase in the dynamic yield stress, thixotropic index and size of
flocs formed in the fresh cement paste was observed to increase [15]. Thixotropy model
fitted with shear stress vs time data for a constant strain rate is used to determine the
thixotropic index [15]. Focused beam reflectance measurement (FBRM) is used to assess
the flocculation state. The thixotropy of self-compacting concrete increases with addition
of polysaccharide [16]. Concrete rheometer was used to determine the thixotropy wherein
the concrete would be tested at a set rotational speed. While the concrete is being rotated,
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the torque shoots to an initial value and then later sets to an equilibrium value. Thixotropy
will be assessed by using two indices. The ratio of the difference between initial and
equilibrium torque values to equilibrium torque value is one of the two indices for
determining the thixotropy. Rotational speeds were varied, and plots were obtained for
initial and equilibrium torque values versus varying rotational speeds. Second index for the
determining the thixotropy is the area between these plots. In concrete containing
polysaccharide, these two indices were found to be higher [16]. The effect of different
cellulose ether-based polymers on cement hydration were studied by using Isothermal
calorimetry and Fourier transform infrared spectroscopy. Addition of these polymers
increase the dormant period of cement hydration [17].
Essential parameters for characterizing the printable concrete are extrudability,
workability, open time and buildability [18]. Extrudability for a concrete is it is ability to
be able to extrude through a nozzle of 9mm diameter. Shear strength of the material is
determined by vane shear apparatus and this is assessed as workability. Change in the shear
strength with respect to time is used to determine open time for a concrete. Buildability of
a concrete is the number of layers that can be built before noticing any deformation in the
lower layer.
Main parameters to evaluate the concrete mix are print quality, shape stability and
print ability window. Surface quality, squared edges, dimensional conformity and
consistency are used to assess the print quality. Shape stability was assessed by two test
methods, layer settlement and cylinder stability. In layer settlement, photos were taken
after the first layer before the printing the second layer. In cylinder stability, a load of 5.5

20

kg was placed on the cylinder specimens to check for change in the height. Printability
limit and blockage limit of the concrete mixtures were used to determine the print ability
window. Printability limit is the time duration until which material with acceptable print
quality is extruded whereas blockage limit is the duration until the extrusion is successful
without any issues to the pump or the nozzle. In conclusion from studies of various
mixtures, the shape stability of printable layers can be improved with the addition of silica
fume and highly purified attapulgite [19].
Zhang et al., (2018) [20] demonstrated the printing of large structures using multirobot printing system in a safe, efficient and scalable manner. The results of simulation and
demonstration on the robotic system were presented in this paper. The size of one structure
is twice the printing volume of one single printer and two mobile robot printers were
concurrently working on one structure. In this paper, it was compared from the
experimental results that the proposed system is better than the existing systems since it
was scalable and had higher time efficiency and had better on-site large-scale printing
applications in industry. This paper demonstrated that the complexity in coordinating such
as fleet of mobile robots was mitigated by utilizing standard robotic techniques. In this
study two materials were chosen to demonstrate the adaptability of material towards multimaterial printing. One material consisted of ordinary concrete and other material is a fiber
reinforced concrete. After the mixing process the cementitious materials were extruded
through a 10 mm diameter print nozzle allowing wider pose solution to be found for bigger
printing volume by the robot printer.
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De Shutter et al., (2018) [21] summarized in their study that at the technical and
processing level challenges are still the same in 3D printed concrete structures. The range
of materials that are printable are limited at this moment. Due to the inadequate rheological
and stiffening properties, currently available high-performance and durable cement-based
materials cannot be directly processed in a printing technique. Approaches like active
rheology control (ARC) and active stiffening control (ASC) in future will provide solutions
for extending the material aspects for 3D printing applications. In this paper, it is explained
that changes in cost of the structure especially in labor, machinery, material, design and
planning costs will be reduced by using Digitally manufactured concrete (DFC). DFC
increases the cost-effectiveness of construction in comparison to conventional construction
methods. Shape complexity of the structure is related to the environmental impact of 3D
printing with concrete. It is explained in this paper that the structural optimization and
functional hybridization will help in reduction of material use but increases the shape
complexity in DFC. Structures which have the same functionality will perform better over
the entire service life than conventionally produced concrete structures.
Feng et al., (2015) [22] had explained the characteristics of layered 3D printed
cementitious material through mechanical testing of cubes, beams and FE modelling on the
structural behavior. The failure characteristics in different directions were obtained through
compressive and flexural tests on the small-scale beams. Stress-strain relationship under
compression had been proposed based on a model. Maximum stress criteria have been
determined based on the test data. These results have been used in an FE analysis of 3D
printed structure to investigate the effect of printing direction on the load carrying capacity.
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The conclusions drawn based on their study were that printing process which involves
layer-atop-layer printing process with each layer consisting of bonded strips which leads
to an orthotropic behavior. All the 3D printed cubes had the same failure modes when
loaded in X-, Y- and Z-directions but the elastic modulus and compressive strength are the
highest when loaded in X- direction. The stress-strain relationship of the material was
described with a quadratic model based on the uniaxial compression test results. A finite
element analysis of the thin shell structure was conducted based on the 3D printed
orthotropic material. From these results it is prominent that the printing direction has an
significant effect on the load bearing capacity of the structure.
Xia and Sanjayan, (2018) [23] had studied several post-processing methods for
strength improvement of 3D printed geopolymer for applications in construction. Final
mechanical properties of 3D printed geopolymer has been improved by the post-processing
procedures and for wide range of applications, seven-day compressive strength of 30 MPa
has been achieved in this study. The hardening process and strength of the 3D printed
geopolymer samples were increased with increase in curing temperature (60°C). It was
shown in the study that use of tap water acted as a pure curing medium for printing of
geopolymer and the strength development was affected at elevated temperature and this
happened due to leaching out of activators. It was proven in this study that the alkaline
solutions and the slurries of fly-ash based geopolymers both have been effective medium
of curing for 3D printed geopolymer. The combination solution of 8 M NaOH solution
(28.6% w/w) and N Grade sodium silicate solution with SiO2/Na2O ratio of 3.22 (71.4%
w/w) are the most efficient curing medium. The use Fly ash-based geopolymer slurry
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increased the compressive strength in early ages and it was used as an indirect way to
expand the industrial by-product applications.
Christ et al., (2015) [24] introduced fiber reinforcement to improve the strength of
the complex samples. It was illustrated that the fabrication quality of samples was
maintained during printing of fiber content of 2.5% even though the fiber length of one
magnitude was higher than the powder layer thickness during printing. The materials
predominantly used in this study were the fibers and the matrix to demonstrate the principal
reinforcement mechanism during 3D printing.
Wangler and Flatt, (2018) [25] studied the printability of concrete using properties
such as open time, shape retention ability, compressive strength and extrudability.
Le et al., (2012) [18] successfully developed high performance concrete for digitally
controlled printing process without formwork. They have introduced gentle vibration of
the concrete container and very small pump pressure was introduced in the extrusion
process which reduced the volume of voids and increased the density. It was shown that
poor printing could lead to voids which are 1.6-4 mm at the intersection of the filaments
and result in lower density. Considering the hardened properties, 30% reduction in
compressive strength was observed in curvy-shape full scale structure. The specimens
extracted from straight- line printable slabs had higher strength of 90-102 MPa. It was
illustrated in the study that flexural strength was significantly higher when tension was
aligned with the extruded filaments. When the load was applied perpendicular to the layers.
Bond strength between the layers was highly dependent on the adhesion which was the
function of time between extrusions. Balancing between materials open for adhesion and
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enough rigidity to support the self-weight was maintained. When the bond was kept to 15
minutes, the bond strength was greater than the tensile capacity of the material.
Vaitkevičius, Šerelis and Kerševičius, (2018) [26] had demonstrated in their study
that 3D printing technology was controlled by Ultra-sonic activation which give better
strength and more durable structure. More ettringite crystals are created by binders which
are activated with ultra-sonic dispersion apparatus. Setting time was reduced with increase
in amount of ettringite crystals and this allowed to increase printing speed. It was also
shown in this study that ultra-sonic activation increased the mechanical properties of
printed concrete by 10% compared to no ultra-sonic activation.

2.3

Mechanical behavior of 3D printed cement-based composites
Since 3D printing of concrete is layer-by-layer manufacturing process, mechanical and

physical properties of laminated material depend on the direction of the applied load [27].
It can be observed that it is an orthotropic material of three planes as shown in Figure 2.9.
The direction of deposition, width of the layer and height of the structure are the important
factors that govern the mechanical behavior of the printed material. The level of orthotropy
is the main factor to be considered when studying the mechanical behavior of the
specimens and this can be done by comparing the mechanical properties at directions of
stress or by comparing the printed material with cast material to exhibit a monolithic
isotropic behavior.
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Figure 2.9 Three planes symmetry of a printed cement material [27]

The anisotropic behavior of the printed material is assessed in a two-step approach.
1. One is comparison of conventional casting process with multi-layer printing
process. Quality of interfacing and production of material in layers is studied in this
process
2. Addition of fibers had increased performance of each layer and orientation of layers
longitudinally induces shear rate profile of the flow. And it proven that longitudinal
orientation increased the resistance to bending.
Effect of extrusion on the mechanical characteristics of cement-based composites
For conventional applications, to allow the extruder to retain its shape at the end of
the nozzle fresh cement-based materials with high shear yield stress are used for the
extrusion process. For the extruded cement-based materials to have more strength than the
same cast materials, the air bubbles entrapped are minimized by adding the vacuum pump.
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In addition, to improve the flow on these stiff materials, a vibration or lubrication system
is used.
Peled et al.,[13] have compared the mechanical performance of structures of same
materials that are constructed by casting and extrusion. In extruded samples, at both surface
and at the interface of the fiber-matrix a lower total porosity is observed when compared
to cast samples. This has helped in attaining better mechanical properties of the extruded
samples. Similarly, better bonding strengths were achieved for the extruded when
compared to that of the cast samples.
Bonding between the fibers and matrix of the cast samples has reduced in the cast
samples with the addition of fly ash due to the increase in porosity thereby decreasing the
performance. Irrespective of addition of fly ash, the structures made of casting failed due
to tearing. Reduction of fiber-matrix bonding is due to the increase in the porosity and
critical length by the addition of fly ash. This results in tearing of the fibers and ductile
behavior of composite concrete. Anisotropy is observed on extrusions done even on the
non -fibrous cement-based materials. It was observed that the ultrasound wave velocity
over the mortar varied by 20% depending on whether if the direction of measurement is
perpendicular or along the directions of extrusion.
A two-step approach was adopted to understand the origin and intensity of anisotropic
material behavior of the printed materials:
(1) Deposition of material in layer and interface quality are the sources to develop
anisotropic behavior in the printed materials.
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(2) Addition of fibers would increase the performance of each layers thereby
worsening the isotropic phenomena.
Non -fibrous materials
Cement, Water, sand and adjuvant mixed in the ratio of 1:0.35:1.4:0.35 for the
mortar to be casted and extruded for the study. CEM II cement, river type sand with
granulometry of 0/3 and modified polycarboxylate superplasticizer are used in the
preparation. In all directions of compression and bending tests, it was observed that printed
mortar has better mechanical properties than those produced by casting.

Figure 2.10 Loading direction of the sample

Figure 2.10 shows the mechanical testing of the samples and the direction of forces
acting on the layer during the testing process. In extrusion, layers are printed rapidly due
to which any defects along the interface are hidden thereby preventing the formation of
any cold joints. But it was observed that the density has ranged from 2200 kg/m3 to 2460
kg/ m3 as measured from upper to the lower layers. This is because the lower layers get
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compacted as the upper layers are deposited [28]. Consolidation of the lower layer have a
considerable impact on the resistance levels. A difference of 40% is observed in resistance
between lower and upper layers. Lower strengths are observed in the tests conducted on
the parallel compression than that in the perpendicular compression of layers.
Quasi-isotropic behavior is generated when good adhesion qualities are present at
the interface which are equal to greater than that of the cast samples. It was observed that
the compressive and bending strengths are higher for extruded samples. In printed cementbased material, these are the two parameters that explain the anisotropy.
Fibrous materials
Various experiments to study the compressive strength after 7 days due to the effects of
natural fiber and silica fume. It was observed that the compressive strength on the printed
layers is 25-30% lower when compared to that in the reference cast cubes. Compressive
strength remained constant even with the increase in the dosage of fiber. An increase in the
compressive strength was observed by the addition of silica fume in mixtures with different
dosages of fibers and superplasticizer that were tested. Bending resistance of the printed
layer was observed to reduce by 20% with increase in percentage of natural fiber. This is
because of the increment in the probability of formation of additional cracks in mixtures
with more fibers.

Effects of time intervals between successive deposits
Cold joints are defects in the bonding at the interface area that are caused due to high
waiting time between deposits. This is caused because of the inadequate mixing between
one layer and the next layer deposited. In order to make sure for a proper re-mixing it is
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essential not to wait to too long because the strength of cementitious material increases
over time. Three-layer printed materials by varying the deposition time from 1 to 10
minutes, cast samples were tested for bending and compression testing. With increase in
the duration between the deposits, bending and compression strengths decreases. It was
observed that a monolithic behavior was observed in samples printed with one minute
between the deposition whereas cracks were found at the interface on those for which there
was a 10 minutes time period between deposition.

2.4

Applications and projects involving Additive manufacturing in

construction
3D Concrete printing (3DCP) which is referred to as cement-based additive manufacturing
processes have been under development from the last 10 years and more than 30 groups
world-wide are currently engaged in research [29]. The growth in large-scale additive
manufacturing for construction is shown in figure 2.11 and figure 2.12 respectively.
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Figure 2.11 The rise in additive manufacturing for construction application [29]
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Figure 2.12 3D printing project

The world’s first 3D printed office building is located in Dubai as shown in figure 2.13.
The 3D printer was measuring 6 meters in height, 36 meters in length and 12 meters in
width was used. It was significantly faster than traditional construction since it took 17
days to print and 2 days to install on site. Only one person was required to monitor the
functionality, seven people for installing the building components and ten electricians and
specialists to take care of the electrical and mechanical engineering part. This entire project
costed up to 140,000 dollars. This method had reduced both building and labor costs by 50
percent compared to conventional buildings. This office was as result of partnership
between Dubai and WinSun Global. The aim of this initiative was to make 25% of all
buildings in the emirate to be 3D printed by 2030.
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Figure 2.13 3D printed office building in Dubai (2016) [30]

The world’s largest 3D printed house was built in Patchogue, New York. It has taken 12
hours to build 500-square-foot home using Autonomous Robotic Construction System
(ARCS) technology. This technology has used multiple machines to reduce the
construction schedule into hours than days or months and reduce the construction cost by
70%. This system has a very low-power consumption technology [31].

Figure 2.14 Printed concrete house in New York (2019) [31]
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CHAPTER 3
MATERIALS AND METHODS
In this study, the viability to 3D print a Portland cement mortar mixture containing
meta-kaolin, silica fume, slag and chemical admixtures such as superplasticizers (SP),
viscosity modifying agents (VMA), set-retarding admixtures (SR) and additives such as
polypropylene (PP) fibers was investigated. Properties such as flow behavior, yield stress,
plastic viscosity, setting time and mix performance characteristics such as open time,
extrudability and buildability were evaluated. These performance measures were compared
across various mixtures to study the influence of MK, SF, Slag content and water-to-binder
ratios. The mechanical properties like compressive strength, flexural and split tensile
strength test of these mixtures and the time gap effect between the layers have been studied.

3.1

Materials
In this study, a Type I/II cement from ARGOS Cement Company had a specific

surface area of 390 m2/kg, meta-kaolin from Burgess had a specific surface area of 11500
m2/kg , Inc. (Optipozz™), Slag from Lafarge-Holcim US of grade 150 had a specific
surface area of 600 m2/kg and Silica Fume from Elkem Microslica® had a specific surface
area of 16500 m2/kg were employed. The chemical composition of the materials is shown
in Table 1. SP used in this study was polycarboxylate based water-reducer (MasterGlenium
7920). VMA (MasterMatrix VMA 362) and Set-Retarding Admixture (MasterLife SRA
035) were employed. The various materials employed are shown in Figure 3.1.
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Table 3.1 – Chemical Composition of the materials

Chemical
Composition
(%)
SiO2
Al2O2
Fe2O3
CaO
MgO
Na2O
K2O

Type I/II
Cement

Meta-kaolin

Silica Fume

Slag

19.93
4.77
3.13
62.27
2.7
0.06
0.48

52.4
44.3
0.5
0.02
0.12
-

97.5
0.2
0.1
0.2
0.2
0.1
0.5

38.17
7.31
0.78
39.12
12.48
-

Figure 3.1 Various materials that are used in this study

3.2

Various parameters considered for 3D printing
Developing a thixotropic material that is easily extrudable and which can withstand

the loads of subsequent layers without significant deformation is the main challenge in
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printing concrete. There are various parameters that are to be considered as shown in Figure
3.2. Developing a proper mix design considering the amount of binder content, Gradation
design which involves various sand particle size distribution, sand-to-cement ratio, waterto binder ratio, dosage of admixture and dosage of PP fibers is very important parameter.
This developed mix should be workable so that it is able to extrude from the nozzle and
have higher open time (The time after mixing until the time at which the concrete loses
workability and is not printable anymore). This mix must have the necessary static yield
stress and plastic viscosity so that layers are built without any deformation and shape
retention is achieved. Due to this demand, the material must be designed with the help of
additives such as superplasticizers, set retarders and viscosity modifiers [1].

Figure 3.2 Parameters considered for 3D printing

40

3.3

Mixture Proportions
After several preliminary experiments on various mixtures, it was determined that

flow behavior of the mixtures is a very good indicator for assessing the pumpability of
mixes. From these studies, it was determined that a fresh mortar having a flow value
ranging between 126% and 136% generally yielded a pumpable mixture for the 3D printing
purposes. Also, from this work it was determined that a sand-to-cement (s/c) ratio of 1.22
was found to be suitable for developing a mix with the desired flow, without any significant
segregation or bleeding. For the purpose of achieving similar flow, to achieve shape
stability and open time, the SP, VMA and retarders were varied to optimize the dosage of
these admixtures. From these studies, finally a control mixture (C0) was developed that
incorporated SP, VMA and retarder was developed that had a flow value of 133% which
also yielded adequate shape retention and open time characteristics. The C0 was used as a
reference mixture to compare the effect of various SCM’s and their combinations in the
mixtures. The mix design that has been incorporated in this study is shown in Table 3.2.
SF1 mixes 2,3 and 4 were designed varying the water-to-cement ratio and keeping the other
ratios constant. SF2 mixes 5,6,7 and S mixes 8,9,10 and their combination 11,12,13 were
designed by varying the SP dosage levels keeping the other ratios constant. MK mixes
14,15,16,17,18,19 were designed varying the SP dosage levels and VMA dosage has been
increased to achieve the flow for these mixes. The gradation of the sand selected based on
the on the nozzle diameter and as a result, a finer sand than what is typically used for
conventional concrete was used. The particle size distribution curve for the sand gradation
used in this study is shown in Figure 3.3 and sand gradations as per ASTM C778 [2] and
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ASTM C33 [3] are also shown for reference. These mixes were tested for fresh and
rheological behavior and were designed based on pumping performance and shape
retention.
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Table 3.2 – Mix Design adopted in this study

Percent Passing (%)

Sand Particle Size Distribution
100
90
80
70
60
50
40
30
20
10
0
0.1

1

10

Sieve Size (mm)
Gradation used in the present study

Gradation based on ASTM C778

Gradation based on ASTM C33

Figure 3.3 Sand Particle size gradation

Figure 3.4 shows the increase in water-to-cement ratio with increase in SF dosage
levels for mixes 2,3 and 4 to maintain a constant flow rate of 133%. Figure 3.5 shows the
increase in SP dosage levels with increase in SF, S and MK dosages for mixes 5 to 19 to
maintain a constant flow rate of 133%.
Mixes designed to achieve a constant flow- 133% (236 mm)

Water to Cement ratio

0.36
0.35
0.34
0.33
0.32
0.31

0.3
0

2.5

5
% Silica Fume bwoc

7.5

Figure 3.4 Increase in w/c ratio with increase in SF dosage levels
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10

Mixes SF-5,MK-5, SF-7.5,MK-7.5, SF-10 and MK-10 were designed to
achieve a constant flow-133% (236 mm)
0.55

SP (%)

0.5
0.45
0.4
0.35
0.3
C0

(SF2-5,S-30,SF2-5 S30, MK-5, MK-5 S-30)

(SF2-7.5,S-40,SF2-7.5
S-40, MK-7.5,MK-7.5
S-40)
Mix type

(SF2-10,S-50,SF2-10
S-50,MK-10, MK-10
S-50)

Figure 3.5 Increase in SP dosage with increase in SF, S and MK dosage levels

3.4

Tests on fresh properties

3.4.1 Flow table test
In this study, the ability to pump the mortar mixture was evaluated using the flow
behavior of the mixture, measured by Flow table test performed as per ASTM C1437 [4]
as shown in Figure 3.6. The flowability of the mortar can be improved by either increasing
the water-to-binder ratio or by adding SP. The fresh concrete properties like binder content,
gradation design, sand-to-cement ratio, water-to-binder ratio, admixture dosage and
polypropylene fiber dosage were optimized to achieve the desired flow of the mixtures.
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Figure 3.6 Flow table test as per ASTM C1437

3.4.2 Mini-Slump test (Modified)
Response to vibration of the mixtures was studied using the modified mini-slump
test. The mini steel slump cone was made of heavy gauge spun steel which is plated for
rust resistance. The Mini Steel Slump Cone is 1/2 scale of the standard slump
cone. It is 6in tall with a 2in top opening diameter and a 4in bottom diameter.
The mini-slump test was initially developed to assess the early stiffening of cement paste.
The average diameter of the mini slump spread was plotted against time to monitor the
workability loss. In this study the mini slump test is performed on a vibrating table which
has a glass plate mounted on it as shown in Figure 3.7. The vibrating table was set to a
constant amplitude of 40G (m/s2) and frequency of 60 HZ.

After mixing the mortar, the cone that is placed on the glass plate held on vibrating
table is filled with mortar. The paste was then levelled to the height of the cone and excess
paste was removed. The min-slump cone was lifted slow enough to avoid disturbing the
paste and the spread diameter was recorded. The vibrating table is switched on and the time
taken to reach the spread of 22 cm diameter with a constant amplitude of 40G (m/s^2) and
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frequency of 60 HZ of vibrating table is noted. This test is performed on all the mixtures
shown in Table 1 and the results have been plotted.

Figure 3.7 Mini-slump cone test on Vibrating table

3.4.3 J-shear test
Interlayers stress such as shear stress at the failure plane between the layers is
determined using J-shear test [5]. The schematic model of the J-shear stress analysis is
shown in Figure 3.8. J-shear apparatus consists of a top box and bottom box. The top box
is supported by four frictionless bearing which slide on two groves provided inside of the
plastic frame. Both the boxes are locked in place using a special pin-lock provided in the
bottom box [5]. Weight of the mixture displaced in the top box and the tilting angle are
obtained from the test and these two parameters are used to calculate the shear stresses at
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the failure with the help of the following equations. This method was used to study the
bond between layers in fresh state.
Equation 1: Shear Stress () in kPa = ((L + B +MT) * 9.81 * sin)/A.

[5]

Where:
MT = Mass of the sample in the top box, Usually MT is determined by measuring the weight
of concrete displaced by the top box, L = Load, B = Mass of the top box,  = Sample shear
angle in degrees, A= Surface area of the plane

Figure 3.8 Model showing the J-shear stress analysis

3.4.4 Extrudability and open time
Extrudability was tested using a screw pump to which a hose pipe and a nozzle
were connected as shown in Figure 3.9. The test set up for extrudability consists of a
stainless-steel head which has a stainless-steel auger with a hold plate and the lock nut
which helps in locking the hose pipe with steel head. The hose and the nozzle diameter
were fixed at 1.25 in. to achieve proper printing resolution. The hopper shown in figure
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consists of a small vibrator attached for the purpose of fluidizing the mix while depositing
in it. The ability of the material to be continuously extruded from the hose through a nozzle
under a pressure head without developing any defects is defined as the extrudability of the
mix. To achieve good extrudability, the maximum particle size in the mixture should be
much smaller compared to the hose and nozzle diameter and the aggregates used in the
mixture should be well-graded. In this study, a well graded sand with a maximum aggregate
size less than 1.18 mm was used. Sand-to-binder ratio of 1.22 was used for all the mixes.
Open time was measured as the time from the conclusion of the mixing operation up to a
point of time when the mortar mixture could no longer be pumped effectively and extruded
without any defects.
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Figure 3.9 Test set up to test for extrudability and open time of mixes
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3.4.5 Initial Setting time
Setting time of mortars was measured in accordance to ASTM C 403 [6] as shown
in Figure 3.10. To increase the open time and improve the bond between the layers, set
retarder was used to delay the setting time.

Figure 3.10 Penetration resistance test to determine the setting time of mortars

3.4.6 Rheology
In this study, the yield stress and plastic viscosity of the mixes were measured using
ICAR plus rheometer as shown in Figure 3.11. Shear stress of concrete which is required
for initial flow is high at rest condition and to maintain the flow lower shear stress in
needed. The variation of shear stress with time in case of low applied shear strain rate is
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shown in figure 3.12 [7]. In the initial phase, shear stress increases gradually with time but
there is no flow. When the concrete begins to flow, the stress required to flow is reduced
and static yield stress is reduced to dynamic yield stress. With time, these stresses increase
as the effectiveness of water reducing admixtures reduces and hydration takes place which
is generally known as “slump loss”.

Figure 3.11 Example illustration of ICAR Rheometer result

Figure 3.12 ICAR plus rheometer
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3.5

Tests on hardened properties

3.5.1 Compressive strength test
Compressive strength test of the mortar samples was measured in accordance with
(ASTM C109) [8]. For this test 2-inch cube specimens were casted with all the mixtures
mentioned before. The specimens were tested at 7 and 28 days to obtain the compressive
strength of each mix. The mix proportions are given in Table 1. The test set up is shown in
Figure 3.13 and the tests is performed at a loading rate of 50-100 psi/min.

Fig 3.13 A view of Compressive strength test

3.5.2 Flexural strength test
Flexural strength test of the mortar samples was measured in accordance with
(ASTM C78) [9]. The dimensions of the test prisms were 40 by 40 by 160 mm. The
specimens were tested at 7 and 28 days to obtain the flexural test of each mix. The test set
up is shown in Figure 3.14.
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Fig 3.14 A view of Flexural strength test

3.5.3 Split tensile strength test
Split tensile strength of the cylinder specimens was measured in accordance with
(ASTM C496) [10]. The dimensions of the specimens were 3 inches by 6 inches cylinders.
The specimens were tested at 7 and 28 days to obtain the split tensile strength. The test set
up is shown in Figure 3.15.

Fig 3.15 A view of Split tensile strength test

3.5.4 Water Sorptivity test (Modified ASTM C1585)
Water absorption with various layer interval times is determined in accordance with
ASTM C1585 [11] except the sample conditioning has not been done as per ASTM method
.This test was performed on 4 in x 8 in cylinders which had each layer height of 1 in and
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casted with the layer interval timings mentioned in Figure 1. The schematic diagram
showing the procedure is illustrated in Figure 3.16. The layers were casted with 1-inch
height as shown in Figure 3.16a. The cylinder was cut into three small cylinders in the cut
section shown in Figure 3.16b. The specimen is prepared as per procedure shown in ASTM
C1585. The schematic of that is shown in Figure 3.16c.

Figure 3.16 Schematic of the procedure
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3.5.5 Pull-off test (ASTM C1583/C1583M-13)
The bond strength between the base slab (substrate) and the overlay was determined
using pull-off test method as per ASTM C1583 [12]. The schematic of the failure modes
is shown in Figure 3.17.

Fig 3.17 Schematic of failure modes
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CHAPTER 4
Influence of silica fume and slag in binary and ternary blends
on properties of 3D printable cementitious mixtures

4.1

Abstract
There is a growing interest in investigating additive manufacturing processes using
cement-based materials in the construction industry. Of particular interest in designing
cementitious mixtures that are suitable for 3D printing is the ability to control not only
the rheology of the mix but also other printability characteristics such as buildability,
open time and bond between the layers. These characteristics can be affected by using
a combination of mineral and/or chemical admixtures. The focus of the present study
was to examine the influence of binary and ternary mixtures of cementitious materials
containing silica fume (SF) and ground granulated blast furnace slag (slag) with
portland cement on rheological and 3D printability characteristics. These materials
were used in combination with specific chemical admixtures such as superplasticizer
(SP), viscosity modifying agent (VMA), set retarder and an additive, polypropylene
fibers. Findings from this study indicate that achieving a flow between 126% and 133%
based on standard flow test (ASTM C1437) was essential in obtaining a mixture that is
extrudable. For a given mix design, increase in silica fume content resulted in a
decrease in the flow value in both binary and ternary mixtures, while an increase in
slag content did not affect the flow behavior significantly. However, to offset the
negative effect of SF on the flow behavior of the mix, both w/c ratio and SP dosage can
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be varied independently to achieve a desired level of flow. At a given dosage level of
set retarding agent, increase in SF content, both in binary and ternary blends, resulted
in decrease in open time, while an increase in slag content resulted in an increase in
open time. Open time and setting time of all mixtures followed similar trends. Other
mixture characteristics such as yield stress and plastic viscosity varied across different
mixtures depending not only on the mixture composition but also with time after
mixing. Binary mixtures containing either SF or Slag showed improved performance
in 28-day compressive strength with increasing dosage levels, with SF mixtures
performing better than Slag mixtures. However, ternary mixtures with SF and Slag
showed lower strength than corresponding binary mixture with SF.

4.2

Introduction
Additive manufacturing, also known as 3D printing, is a method of construction

that has the capability of fabricating a building element which is predesigned in 2D layers
on top of each other [1]. The demand for 3D printing of concrete is increasing due to several
advantages that this new technology offers. The automation offered by 3D printing can
significantly decrease the need for skilled labor, while substantially increasing the
productivity. Also, 3D printing offers the ability to build freeform structures without the
need for erecting complex and expensive formwork. Also, significant reductions in
workplace injuries and safety measures can yield cost-savings in the long-run. It is
estimated that the benefits offered by 3D printing can translate into cost-savings of 35% to
60% of the overall costs of concrete structures [2].
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The 3D concrete printing (3DCP) process involves two segments, the first to
develop a model to be built using a software and segment the model into 2D layers. The
second segment being the translation of the 2D layers into commands that the 3D printing
machinery can understand and execute. In the first segment, objects are modelled in 3D
software such as AutoCAD® or SolidWorks® and then these models are sliced (to define
the layer dimension) using another software such as Ultimaker Cura®, 3DPrinterOS™
CraftsWare and others. A program file in the form of G-code is generated for printer to
read and perform the job. An integrated printer in the form of either robotic or gantry
system is connected to a pump and a hose pipe that is required to deliver the material to the
nozzle head to deposit material layer by layer [3].
Since the manufacturing process is different from the conventional method, the
properties of 3D printed concrete and the performance of the 3D printed objects need to be
closely monitored to ensure adequate performance. To design a mix which is optimum,
certain goals, sometimes conflicting in nature, must be attained and optimized. For
example, if the compressive strength is to be increased, water-cement ratio of the mixture
should be minimized, however certain minimum water content is needed to achieve the
desired workability and cohesiveness of concrete [1]. The important aspects of concrete
printing are flowability, extrudability, buildability, setting time and open time.
•

The mix should be sufficiently pumpable but rigid enough when extruded to
maintain the desired shape. In addition to this, the mix should be flowable but at
the same time it should be buildable to hold the weight of the subsequent layers.
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Once the mix is placed, it should set fast but not fast enough to achieve adequate
bond between the layers [1].
•

Extrudability is the ability of mix to be extruded through the nozzle to form layers
without tearing.

•

Buildability refers to ability of mortar to hold further layers without collapsing and
this must take place without deformation before setting.

•

Open time refers to the time from the end of mixing until a point of time when the
mixture can no longer be effectively 3D printed. As the mixture tends to change in
its flowability with time, open time provides a window of opportunity for a mixture
when the mixture can be effectively 3D printed without any concerns arising from
cracking or lack of bonding between the layers.

The main aim of the mix design is to develop a mixture that ensures that each printed
layer stays adhesive enough to bond with the other layers printed before it and has the
capacity to maintain the extruded shape when printed [1]. Rheological properties of fresh
mortar play an important role in the printing process especially when the shear stress in the
mortar exceeds the yield stress [4]. The yield stress of fresh mortar increases with the time
and the time at which the layers are printed affects the buildability [4]. A successful 3D
printed structure is achieved by controlling the rheology of the mixture, optimizing the
open time and achieving the required strength.
One of the important ingredients in modern concrete mixtures is the supplementary
cementitious material (SCM). While SCMs are primarily used for their ability to exhibit
pozzolanic reactivity, the use of SCMs also profoundly influences the fresh concrete
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properties that are vital to 3D printing of concrete. Among the various SCMs available,
we considered the use of silica fume in this study as it is well known to impart certain
unique rheological characteristics such as increase in plastic viscosity, induce thixotropy
and reduce bleeding and segregation [4]. Silica fume is a property enhancing material
which is typically used in low dosage levels considering its cost and drying shrinkage
problems. Silica fume is known to increase the yield stress, cohesiveness, and improves
the structure homogeneity and stability which can be of advantage to printing layers [1].
The ground granulated blast furnace slag is used in this study since it has properties to
improve, workability, strength and durability. The particles of slag have a very glassy
texture that makes them increase the workability [5]. Handling and pumping of slag are
very easy since there is a less chance for segregation. Pumping is facilitated by the lower
relative density and flowing ability of the slag mix [5]. For the above cited reasons, the
principal objective of this study is to characterize the impact of Silica fume and Slag at
different dosage levels on the fresh, rheological and hardened properties of concrete for
applications in 3D printing.

4.3

Materials and methods
In this study, the viability to 3D print a Portland cement mortar mixture containing

silica fume, slag and chemical admixtures such as superplasticizers (SP), viscosity
modifying agents (VMA), set-retarding admixtures (SR) and additives such as
polypropylene (PP) fibers was investigated. Properties such as flow behavior, yield stress,
plastic viscosity, setting time and mix performance characteristic such as open time were
evaluated. These performance measures were compared across various mixtures to study
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the influence of SF, Slag content and water-to-binder ratios. The mechanical properties
such as compressive strength, flexural and split tensile strength test of these mixtures were
studied.

4.3.1 Materials
In this study, a Type I/II cement from ARGOS Cement Company, Slag from
Lafarge-Holcim US of grade 150 and Silica Fume from Elkem Microslica® were
employed. The chemical composition of the materials is shown in Table 4.1. SP used in
this study was polycarboxylate based water-reducer (MasterGlenium 7920). VMA
(MasterMatrix VMA 362) and set-retarding admixture (MasterLife SRA 035) were
employed. Aggregate used in this study was natural sand which had specific gravity of 2.65
and water absorption of 0.5%.
Table 4.1 – Chemical Composition of the materials

Chemical
Composition
(%)

Type I/II
Cement
(%)

Silica Fume
(%)

Slag
(%)

SiO2
Al2O2
Fe2O3
CaO
MgO
Na2O
K2O

19.93
4.77
3.13
62.27
2.7
0.06
0.48

97.5
0.2
0.1
0.2
0.2
0.1
0.5

38.17
7.31
0.78
39.12
12.48
-

Specific surface
area

390 m2/kg

16500 m2/kg

600 m2/kg
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4.3.2 Mixture Proportions
After several preliminary experiments on various mixtures, it was determined that
flow behavior of the mixtures is a very good indicator for assessing the pumpability of
mixes. From these studies, it was determined that a fresh mortar having a flow value
ranging between 126% and 136% generally yielded a pumpable mixture for the 3D printing
purposes. If the flow was less that 126%, the mix was stiff and difficult to pump through
the system. If the flow was more than 136%, the printed layers had no shape retention.
Also, from this work it was determined that a sand-to-cement (s/c) ratio of 1.22 was found
to be suitable for developing a mix with the desired flow, without any significant
segregation or bleeding. For the purpose of achieving similar flow, to achieve shape
stability and open time, the SP, VMA and retarders were varied to optimize the dosage of
these admixtures. From these studies, finally a control mixture (C0) was developed that
incorporated SP, VMA and retarder that had a flow value of 133% which also yielded
adequate shape retention and open time characteristics. The C0 was used as a reference
mixture to compare the effect of various SCMs and their combinations in the mixtures
keeping other parameters constant to study the flow behavior of the mixtures as shown in
Table 4.2.
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Table 4.2 – Comparison of SCM blended mixtures with reference mix C0 with no change in
admixture dosage

Mix
Mix
No Notation
1
2
3
4
5
6
7
8
9
10

C0
SF-5
SF-7.5
SF-10
S1-30
S1-40
S1-50
SF-5 S30
SF-7.5
S-40
SF-10 S50

Mix Description

Control
C-95%, SF-5%
C-92.5%, SF-7.5%
C-90%, SF-10%
C-70%, S1-30%
C-60%, S1-40%
C-50%, S1-50%
C-65%, S1-30%, SF5%
C-52.5%, S1-40%,
SF-7.5%
C-40%, S1-50%, SF10%

w/c
s/c
ratio ratio

SP
(%)

VMA
(%)

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

1.22
1.22
1.22
1.22
1.22
1.22
1.22
1.22

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

PP
fibers
(%)
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

Set
Retarder
(%)
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

0.3

1.22

0.3

0.2

0.05

0.07

0.3

1.22

0.3

0.2

0.05

0.07

For the purpose of achieving similar flow across various mixtures as control mixture, the
dosage of SP or water-to-cement ratio was varied and the dosage of VMA, SR and PP
fibers were fixed in all mixtures at 0.2%, 0.07% and 0.05% to achieve adequate shape
stability and open time. The various mix designs that were employed in this study are
shown in Table 4.3 and 4.4. Mixes 11, 12 and 13 that contains SF were designed to have a
constant flow of 133% but varying water-to-cement ratio while other admixture dosage
rates were held constant. Mixes 14 to 22 were designed by varying the SP dosage levels
while water-to cement ratio and other admixture dosage rates were held constant. The
gradation of the sand was selected based on the nozzle diameter and as a result, a finer sand
than what is typically used for conventional concrete was used. The particle size
distribution curve for the sand gradation used in this study is shown in Figure 4.1 and sand
gradations as per ASTM C778 [6] and ASTM C33 [7] are also shown for reference. These
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mixes were tested for fresh, rheological and mechanical behavior and were designed based
on pumping performance and shape retention.
Table 4.3 – Comparing SCM blended mixtures with reference mixture C0 with varying w/c ratio
to match the flow behavior

Parametric
study
Reference
mix
Varying w/c
ratio and
keeping the
SP dosage
constant

Mix
Mix
No Notation

Mix
Description

w/c
ratio

s/c
ratio

SP VMA
(%) (%)

PP
Set
fibers Retarder
(%)
(%)
0.05
0.07

1

C0

Control

0.3

1.22

0.3

0.2

11
12

SF1-5
SF1-7.5

0.33
0.34

1.22
1.22

0.3
0.3

0.2
0.2

0.05
0.05

0.07
0.07

13

SF1-10

C-95%, SF1-5%
C-92.5%, SF17.5%
C-90%, SF110%

0.35

1.22

0.3

0.2

0.05

0.07

Table 4.4 – Comparing SCM blended mixtures with reference mixture C0 with varying SP
dosage to match the flow behavior

Parametric
study

Mix
No

Mix
Notation

Mix
Description

w/c
ratio

s/c
ratio

SP
(%)

VMA
(%)

Reference
mix

1

C0

Control

0.3

1.22

0.3

14

SF2-5

0.3

1.22

15

SF2-7.5

0.3

16

SF2-10

17
18
19
20

S-30
S-40
S-50
SF2-5
S1-30
SF2-7.5
S1-40
SF-10
S1-50

C-95%, SF25%
C-92.5%, SF27.5%
C-90%, SF210%
C-70%, S-30%
C-60%, S-40%
C-50%, S-50%
C-65%, SF25%, S-30%
C-52.5%, SF27.5%, S-40%
C-40%, SF210%, S-50%

Varying SP
dosage
levels and
keeping the
w/c ratio
constant

21
22
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0.2

PP
fibers
(%)
0.05

Set
Retarder
(%)
0.07

0.4

0.2

0.05

0.07

1.22

0.45

0.2

0.05

0.07

0.3

1.22

0.5

0.2

0.05

0.07

0.3
0.3
0.3
0.3

1.22
1.22
1.22
1.22

0.4
0.45
0.5
0.4

0.2
0.2
0.2
0.2

0.05
0.05
0.05
0.05

0.07
0.07
0.07
0.07

0.3

1.22

0.45

0.2

0.05

0.07

0.3

1.22

0.5

0.2

0.05

0.07

Sand Particle Size Distribution
100

Percent Passing (%)

90
80
70
60
50
40
30
20
10
0
0.1

1

10

Sieve Size (mm)
Gradation used in the present study

Gradation based on ASTM C778

Gradation based on ASTM C33

Figure 4.1 Sand particle size gradation

4.3.3 Tests on fresh properties
Flow table test
In this study, the ability to pump the mortar mixture was evaluated using the flow behavior
of the mixture, measured by Flow Table test performed as per ASTM C1437 [8]. The
flowability of the mortar can be improved by either increasing the water-to-binder ratio or
by adding SP. In this study, parameters such as binder content, gradation design, sand-tocement ratio, water-to-binder ratio, admixture dosage and polypropylene fiber dosage were
optimized to achieve the desired flow (126%-133%) of the mixtures.
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Mini-Slump test (Modified)
The influence of vibration on the flow behavior of the mixtures was studied using the
modified mini-slump cone test. The mini steel slump cone is 6-inch-tall with a 2inch top opening diameter and a 4 -inch bottom diameter which is 1/2 scale of
the standard slump cone as per ASTM C143 [ 9]. The mini-slump test was initially
developed to assess the early stiffening of cement paste. The average diameter of the mini
slump spread was plotted against time to monitor the workability loss. In this study the
mini slump test is performed on a vibrating table which has a glass plate mounted on it as
shown in Figure 4.2. The vibrating table was set to a constant amplitude of 40G (1287
ft/s^2) and frequency of 60 Hz. After mixing the mortar, the cone that is placed on the glass
plate is filled in 3 layers by tamping the mortar in place. The mortar was then levelled to
the height of the cone and excess mortar was removed. The mini-slump cone was lifted
slowly, and the spread diameter was recorded. The vibrating table was switched on and the
time taken to reach a spread of 22 cm diameter was noted. This test was performed on all
the mixtures shown in Table 3 and 4.
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Figure 4.2 Mini-slump cone test on Vibrating table

Extrudability and open time
Extrudability was tested using a rotating screw that is incorporated into the printing
head to which a hose pipe and a nozzle were connected [10]. The test set up for
extrudability as shown in Figure 4.3 consists of a stainless-steel head which has a stainlesssteel auger with a hold plate and the lock nut which helps in locking the hose pipe with
steel head. The hose and the nozzle diameter were fixed at 1.25 in. to achieve proper
printing resolution. The hopper placed at the top of the auger consists of a small vibrator
attached for the purpose of fluidizing the mix while depositing in it. The ability of the
material to be continuously extruded from the hose through a nozzle under a pressure head
without developing any defects is defined as the extrudability of the mix. To achieve good
extrudability, the maximum particle size in the mixture should be much smaller compared
to the hose and nozzle diameter and the aggregates used in the mixture should be well-
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graded. In this study, a well graded sand with a maximum aggregate size less than 1.18
mm was used. Sand-to-binder ratio of 1.22 was used for all the mixes. Open time was
measured as the time from the conclusion of the mixing operation up to a point of time
when the mortar mixture could no longer be pumped effectively and extruded without any
defects.

Figure 4.3 Printing head with a feeder screw [10]

Initial Setting time
Setting time of mortars was measured in accordance to ASTM C 403 [11]. To
increase the open time, set retarder was used to delay the setting time.
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Rheology
In this study, the yield stress and plastic viscosity of the mixes were measured using
ICAR plus rheometer as shown in Figure 4.4a and 4.4b. Torque required to initiate the flow
from rest condition is high, however once a desired flow is achieved the required torque to
maintain the flow is lower. In the initial phase, shear stress increases gradually with time
but there is no flow. When the concrete begins to flow, the stress required to flow is reduced
and static yield stress is reduced to dynamic yield stress. Figure 4.4c shows the typical plot
illustrating the static and dynamic yield stress. The static yield stress is obtained from stress
growth test and the dynamic yield stress is obtained from the flow curve test [12]. With
time, these stresses increase as the effectiveness of water reducing admixtures reduces and
hydration takes place which is generally known as “slump loss”. Yield stress that is shown
in this present study is the static yield stress.

4(a)

4(b)

4(c)

Figure 4.4 ICAR plus rheometer
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4.3.4 Tests on hardened properties
Compressive strength test of the mortar samples was measured in accordance with
ASTM C109 [13]. For this test 2-inch cube specimens were cast with all the mixtures
mentioned before. The specimens were tested at 7 and 28 days to obtain the compressive
strength of each mix. Flexural strength of the mortar samples was measured in accordance
with ASTM C78 [14]. The dimensions of the test prisms for flexural test were 1.57 in x
1.57 in x 6.3 in. The specimens were tested at 7 and 28 days to obtain the flexural test of
each mix. Split tensile strength of the cylinder specimens was measured in accordance with
ASTM C496 [15]. The dimensions of the specimens were 3 in x 6 in cylinders. The
specimens were tested at 7 and 28 days to obtain the split tensile strength. In all of these,
three specimens were tested to obtain an average value.

4.4

Results and discussion

4.4.1 Flowability
The percent flow of the mixtures was measured as per ASTM C1437. C0 was
designed as a reference mixture which had a flow of 133% and the effect of adding various
SCMs such as SF and slag in cement replacement levels as shown in mix design Table 2
was studied. Figure 4.5a shows the percent flow of mixes in Table 4.4. Increasing the levels
of SF in the mix resulted in decrease in percent flow. Increase in SF content increases the
cohesiveness of the mix resulting in high water demand to maintain workability and
cohesiveness is due to the high specific surface area of SF [16]. Increasing the levels of
slag in the mix resulted in increase in percent flow due to the smooth surface texture of the
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slag particles [16]. The mixes which had combination of SF and slag with cement resulted
in reduced flow with increase in dosage levels. Even though slag is known to increase the
flow as seen in Figure 5a, the effect of slag was counteracted by the presence of SF in the
mixture there by decreasing the percent flow, but the decrease was not as severe compared
to mixes which had only SF in them (binary mixes).
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0
C0

SF-5

SF-7.5

SF-10

S1-30

S1-40

S1-50

SP-0.3

SP-0.3

SP-0.3

SP-0.3

SP-0.3

SP-0.3

SP-0.3

SF-5 S-30 SF-7.5 S-40 SF-10 S-50
SP-0.3

SP-0.3

Mix Type

Figure 4.5a Percent flow of mixes as shown in Table 4.2

The flowability of the mixtures can be improved by increasing the water-to-binder
ratio or by adding SP. The mixtures 11,12 and 13 which had varied water-to-cement ratio,
but constant SP dosage levels were designed to achieve the constant flow of 133%. Mixes
14 to 16 which had varied SP dosage levels with the same water-to-cement ratio were
designed to achieve the constant flow of 133% as well. SP dosage of 0.4% was used for
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SP-0.3

mixes 14,17 and 20 and 0.45% was used for mixes 15,18 and 21 and 0.5% was used for
mixes 16,19 and 22 as shown in Table 4 to compare the effect of various SCMs and their
dosage levels. Figure 5b shows the percent flow of mixes 11 to 22. It can be seen from
Figure 5b that the flow of all mixtures can be adjusted to a range between 126% to 136%
by varying the SP dosage levels, thereby making all these mixtures pumpable for
applications in 3D printing except for S-40 and S-50 mixes which had excessive flow that
could not be captured in the test method when the SP dosage was increased.
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Percent flow (%)

125

100

75

50

25

0
C0

SF2-5

SF2-7.5

SF2-10

S-30

SP-0.3

SP-0.4

SP-0.45

SP-0.5
SP-0.4
Mix type

SF2-5 S-30

SF2-7.5 S-40

SF2-10 S-50

SP-0.4

SP-0.45

SP-0.5

*S-40 and S-50 showed excessive flow that could not be captured in the test method when the SP dosage was increased

Figure 4.5b Percent flow for mixes as shown in Table 4.2
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4.4.2 Modified Mini-slump cone test
Modified Mini-slump cone test was performed to study the impact of vibration om
flow behavior of different mixtures. The time taken to reach a spread of 22 cm with
vibration of different mixes is shown in Figure 4.6. From Figure 4.6a, it is noted that SF15 and SF1-7.5 mix responded to vibration faster than the C0 mix even though the waterto-cement ratio was increased with increase in SF dosage levels. SF1-5 mix responded 5
seconds faster than the C0 mix, 4 seconds faster than the SF1-7.5 mix and 8 seconds faster
than the SF1-10 mix. It is clearly indicated from this that increase in SF dosage levels was
making the mix stiffer thereby making it difficult to respond to vibration but at lower
dosage levels SF is advantageous with respect to vibration. Similar trend was observed in
Figure 4.6b where the SF2 mixes were designed with varying SP dosage but constant
Water-to-cement ratio. In Figure 4.6c, S-30 mix responded to vibration 5 seconds faster
than the C0 mix. S-50 responded to vibration 5 seconds faster than S-30 mix which is a
clear indicator that slag is responding to vibration faster with increase in dosage levels. In
Figure 4.6d, SF2-5 S-30 responded to vibration 5 seconds faster than the C0 mix and 14
seconds faster than the SF2-10 S-50 mix which is a clear indicator that increase in SF and
slag dosage levels in these ternary mixes will reduce the capability of responding to
vibration due to the increase in cohesiveness and stiffening property of the mix.
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Figure 4.6 Time taken to achieve a spread of 22 cm upon vibration

Based on this test, vibration time index is calculated for all the mixtures based on the
formula given below. Table 4.5 shows the vibration time index of all the mixtures shown
in Table 4.3. Mixes shown in blue in Table 4.5 determined to have responded to vibration
faster. Ideal VTI value for mix containing SF or slag is determined to be 0.6 to 0.75 based
on this experiment.
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𝐕𝐢𝐛𝐫𝐚𝐭𝐢𝐨𝐧 𝐭𝐢𝐦𝐞 𝐢𝐧𝐝𝐞𝐱
=

𝐓𝐢𝐦𝐞 𝐭𝐚𝐤𝐞𝐧 𝐭𝐨 𝐫𝐞𝐚𝐜𝐡 𝐭𝐡𝐞 𝐬𝐩𝐫𝐞𝐚𝐝 𝐨𝐟 𝟐𝟐𝐜𝐦 𝐰𝐢𝐭𝐡 𝐯𝐢𝐛𝐫𝐚𝐭𝐢𝐨𝐧
𝐓𝐢𝐦𝐞 𝐭𝐚𝐤𝐞𝐧 𝐭𝐨 𝐫𝐞𝐚𝐜𝐡 𝟐𝟐 𝐜𝐦 𝐢𝐧 𝐅𝐥𝐨𝐰 𝐓𝐚𝐛𝐥𝐞 (𝐀𝐒𝐓𝐌 𝐂𝟏𝟒𝟑𝟕 𝐌𝐞𝐭𝐡𝐨𝐝) = (𝟏𝟓 𝒔𝒆𝒄𝒔)
Table 4.5 Vibration time index of mixes in Table 4.3

Mix type

Vibration time index

C0

1.124

SF1-5

0.733

SF1-7.5

1.038

SF1-10

1.281

SF2-5

0.628

SF2-7.5

1.2

SF2-10

1.4

S-30

0.694

S-40

0.506

S-50

0.383

SF2-5 S-30

0.722

SF2-7.5 S-40

0.979

SF2-10 S-50

1.64

4.4.3 Open time and Initial Setting time
The open time and initial setting time of mixes in Table 4.3 are shown in Figure 4.7a.
The time from the end of mixing until a point of time when the mixture can no longer be
effectively 3D printed is referred to as open time of the mix. It is noted from the graph that
the mixes which had SF in them had longer open time than C0 mix. Open time of the mixes
was directly proportional to initial setting time. SF1-5 mix had the longest open time of
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192 minutes which was 50 minutes longer than the C0 mix. As the dosage of SF increased
in the mixes, the open time and initial setting time of the mixes reduced, even though these
mixes were designed for the constant flow of 133%. This is due to the fact that increase in
SF dosage levels was stiffening and setting the mix faster causing blockage issues in the
pump and nozzle while extruding the mixes.
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Figure 4.7a Open time and Initial setting time of SF1 mixes in Table 4.3
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Figure 4.7b Open time and Initial setting time of mixes in Table 4.3

The open time and initial setting time of mixes in Table 4.4 are shown in Figure 4.7b
respectively. Mixes 14 to 22 are designed with varied SP dosage levels keeping water-tocement ratio and other admixture dosage levels constant. All the mixtures showed open
time greater than control, however mixtures S-40 and S-50 did not exhibit shape retention
characteristics when subjected to extrusion. As a result, these mixtures are not considered
to be 3D printable.

4.4.4 Yield stress
The yield stress and specific surface area of the mixes given in Table 4.2 are shown in
Figure 4.8a. It is determined from the graph that when the yield stress of the mixes
increases, the specific surface area also increases and vice versa for binary and ternary
blended mixes of both SF and slag. Figure 4.8b shows the relationship between yield stress
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and specific surface area of the mixtures. The regression equation as a function of specific
surface area is shown in Figure 4.8b. The slope of the regression equation is high for binary
mixtures containing SF in them in comparison with other mixtures which means that with
a little increase over the surface area, increment in the yield stress is highest in SF mixtures
and lowest in slag mixtures. With the combination of SF and slag, the slope value is
between the slope value of binary mixtures of SF and slag. Even though the addition of
slag is increasing the yield stress of the combination mixtures, increment in yield stress is
less compared to binary mixtures of SF since the slope of the regression equation is less in
comparison with binary mixtures containing SF in them. Therefore, it is evident that
regardless of the type of mix, yield stress of the mixes can be controlled with specific
surface area.
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Figure 4.8a Yield stress and SSA of mixes in Table 4.2
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Figure 4.8b Relationship between Yield stress and SSA of mixes in Table 4.2

The yield stress of the mixes given in Table 4.3 varying w/c ratio, but a constant flow
of 133% are shown in Figure 4.8c. Yield stress of the mix should be low while extruding
through the nozzle and should be sufficiently high after the layers are printed so that
buildability criteria is achieved. The bottom most layers should have sufficient strength to
withstand the load of layers on the top. All The mixes were remixed at the end of open time
to test for yield stress.
Even though yield stress of the SF1-5 mix was 16 Pa higher than the yield stress of
C0 mix, soon after mixing, at the end of open time the yield stress of both mixtures was
similar. Yield stress of mixes SF1-7.5 and SF1-10 were 10 to 15 Pa less than the SF1-5
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mix after mixing and drastically increased to 30 to 50 Pa more than SF1-5 mix at the end
of open time even though these mixes were re-mixed before testing at the end of open time
and had increase in water-to-cement ratio with increase in SF dosage levels. This is a clear
indicator that SF1-7.5 and SF1-10 mixes were hydrating and setting faster than SF1-5
mixture.
Yield stress of the mixes in Table 4.4 are shown in figure 4.8d. The yield stress of
all mixtures containing SF is very similar to that of control mix, soon after the initial mixing
operations. This trend is in alignment with the fact that all mixtures has a very similar flow
behavior (133%). However, the yield stress of mixtures with higher SF content (SF-7.5 and
SF-10) was significantly greater than that of control at the end of open time. The mixes
which had slag in them had very less yield stress after mixing and at the end of open time.
The mix SF2-5 S-30 which has combination of SF and slag in it had similar yield stress
compared to mixes which had only SF in them. The yield stress increased when the ternary
blends of SF and slag dosage increased after mixing and at the end of open time as well.
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Figure 4.8c Yield stress for mixes in Table 3 which had constant flow 133%
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4.4.5 Plastic viscosity
The plastic viscosity of the mixes in Table 4.3 are shown in Figure 4.9a. The mixes
which had SF in them had lower plastic viscosity and it reduced further when the SF dosage
levels increased. This trend was similar when plastic viscosity was measured at the end of
open time. It should be noted that the lower plastic viscosity with higher dosages of SF at
the end of open time is due to remixing just before the plastic viscosity measurements were
taken. Water-to-cement ratio in these mixes is also increased with increased in dosage of
SF making the mix less viscous in nature. The plastic viscosity of mixes in Table 4.4 are
shown in Figure 4.9b. It is shown from the figure that plastic viscosity of all the mixes was
higher after mixing and it reduced at the end of open time. All the mixes were remixed at
the end of open time to test for plastic viscosity which in turn fluidizes the mixture there
by reducing the viscous nature of the mix. The mix SF2-5 S-30 has very high plastic
viscosity after mixing and at the end of open time compared to other mixes.
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Figure 4.9a Plastic viscosity for mixes in Table 3 which had constant flow 133%
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Figure 4.9b Plastic viscosity for mixes in Table 4.4
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4.4.6 Compressive strength test
The compressive strength test was performed as per ASTM C109 [13]. The layers
were cast in such a way that the interface between the layers was perpendicular to the
direction of applied load. The 7- and 28-day compressive strength was tested for all the
mixes. The Figure 4.10a shows the compressive strength test for mixes in Table 4.3 which
had constant flow of 133 %. The mixes which had SF in them had higher compressive
strength than control (C0) mix at both 7 and 28-days. There is no significant difference in
the compressive strength with increase in SF dosage levels in the mixture. It should be
noted that, in order to achieve similar flow across all mixtures, the w/c ratio was increased
from 0.33 to 0.35 with increase in SF content. This is the reason why compressive strength
did not differ significantly with increase in SF dosage in these mixtures.
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Figure 4.10a Compressive strength of mixtures in Table 3 with constant flow of 133 %
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Figure 4.10b shows the compressive strength values of mixes in Table 4.4. The
mixes which had only SF in them showed decrease in early age strength with increase in
SF, however the strength at the later ages increased with increase in SF. The mixes which
had only slag in them had similar strength at early ages, however strength increased at the
later ages with increase in slag content. The mixes which had combination of slag and SF
in them showed increase in strength at early and later ages with increase in SF and slag
dosages. Of all the mixtures, the later age strength of binary mixes with SF was highest
compared to other combinations. The percent increase in strength from 7 to 28 days in
ternary mixes, 17.19 % for SF2-5 S-30, 18.25 % for SF2-7.5 S-30 and 3.95 % for SF2-10
S-50, is significantly lower than corresponding increase in strength for binary mixes of SF
and slag.
Considering that the influence of SF in improving the compressive strength of mixtures is
a function of filler content and pozzolanic reaction, the relative amount of SF content with
respect to Portland cement is much higher in SF2-10 S-50 than it is in SF2-10 mixtures.
For instance, the percent flow of SF with respect to cement in SF2-10 is 10%, while it is
20% in SF2-10 S-50, Since OPC makes up only 40 % of the total binder content. In other
words, the relatively high dosage of SF with respect to cement content in SF2-10 S-50 is
carrying much high early age strength.
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Figure 4.10b Compressive strength of mixtures in Table 4.4

4.4.7 Flexural strength test
The flexural strength test was performed as per ASTM C78 [14]. The layers were
cast in such a way that the interface between the layers was perpendicular to the direction
of applied load. The 7- and 28-day flexural strength was tested for all the mixes. The Figure
4.11a shows the flexural strength test for mixes in Table 4.3 which had constant flow of
133 %. SF1-5 mix had higher flexural strength compared to other mixes at early ages.
There was a reduction in strength when the SF dosage levels increased at early and later
ages. This could be due to the increase in water-to-cement ratio of the mixes with increase
in SF dosage levels.
Figure 4.11b shows the flexural strength values of mixes in Table 4.4. The binary
mixes of SF and slag showed similar trends at early and later ages even with increase in SF
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dosage levels. The mixes which had combination of slag and SF in them showed increase
in strength at early and later ages with increase in SF and slag dosages. As previously
discussed, the influence of SF in improving the flexural strength of mixtures as a function
of filler content and pozzolanic reaction, the relative amount of SF content with respect to
Portland cement is much higher in SF2-10 S-50 than it is in SF2-10 mixtures.
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Figure 4.11a Flexural strength of mixtures in Table 3 which had a constant flow of 133 %
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4.4.8 Split tensile strength test
The split tensile strength test was performed as per ASTM C496. The layers were
cast in direction parallel to the applied load. The 7- and 28-day split tensile strength was
tested for all the mixes. The Figure 4.12a shows the split tensile strength test for mixes in
Table 4.3 which had constant flow of 133 %. Mixes in Table 4.4 showed similar trends on
split tensile strength at early and later ages even with increase in SF dosage levels.
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Figure 4.12a Split tensile strength of mixtures in Table 3 with constant flow of 133 %

Figure 4.12b shows the split tensile strength values of mixes in Table 4.4. The
mixes which had only SF in them showed similar trends in early age and later age strength
with increase in SF dosage levels. The mixes which had only slag in them showed similar
strength at early ages and strength increased at the later ages with increase in slag content.
The mixes which had combination of slag and SF in them showed increase in strength at
early and later ages with increase in SF and slag dosages, but this increase was not very
significant.
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4.5

Summary of results

In this study, the replacement levels of SCMs such as SF, slag and their combinations have
been studied for various properties like flow, open time, setting time, rheology and
mechanical properties.
Binary and ternary blends of mixtures with SF and Slag capable of achieving a
desired flow (120% to 140%) for 3D printing can be produced by using suitable
combinations of SP and VMA.
In binary mixtures containing SF, the yield stress of a freshly mixed mortar did not
show appreciable change with increasing dosage level of SF; however, a substantial
increase in the yield stress was observed at the end of open time. Similarly, plastic
viscosity was relatively uninfluenced with increase in SF content in the freshly
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mixed state, however, decrease in plastic viscosity was observed at the end of open
time. This is due to the fact that remixing of the mix fluidizes the mixture thereby
increasing the flowability of the mixtures which in turn reduces the plastic viscosity.
In binary mixtures containing Slag (S), the yield stress in both freshly mixed state
and at the end of open time did not change with increasing dosage levels of slag.
However, in these mixtures, plastic viscosity not only decreased with increasing
dosage levels of slag, but plastic viscosity of mixtures at the end of open time was
substantially less compared to that of a mixture in freshly mixed state.
Even though the addition of slag is increasing the yield stress of the combination
mixtures, increment in yield stress is less compared to binary mixtures of SF since
the slope of the regression equation is less in comparison with binary mixtures
containing SF in them.
In ternary mixtures containing SF and Slag, yield stress showed higher values at
the end of open time compared to freshly mixed state and plastic viscosity reduced
at the end of open time compared to after mixing. Yield stress showed significant
increase with increase in the dosage levels of SCMs (i.e SF+S content), as
compared to the respective binary mixes. Plastic viscosity showed significant
decrease with increase in dosage levels of SCMs.
Of all the mixtures studied, SF1-5, SF2-5, SF-5 S-30 and S-30 exhibited longer
open time, while still meeting the desired flow requirements. Also, these mixtures
showed a very favorable response in flow when subjected to vibration.
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Binary mixtures containing either SF or Slag showed similar performance in
compressive strength at all dosage levels at 7-days, however, improved
performance in compressive strength was observed with increasing dosage levels
at 28 days. However, ternary mixtures with SF and Slag showed lower strength
than the corresponding binary mixture containing SF.

The binary mixtures

containing SF and Slag showed similar trend in flexural and split-tensile strength
at 7 and 28-days. However, Slag mixtures showed lower split tensile strength at all
dosage levels compared to SF mixtures.
Overall, binary and ternary mixtures with SF and Slag can be produced that are 3D
printable with adequate open time. Additional studies are being conducted to explore the
buildability and shape retention characteristics of mixtures.

4.6

Conclusion

Based on the scope and extent of this study, the following broad conclusions can be drawn:
1. Achieving a flow value between 126% and 133% based on standard flow test
(ASTM C1437) was essential in obtaining a mixture that is extrudable.
2. For a given mix design, increase in silica fume content resulted in a decrease in the
flow value in both binary and ternary mixtures, while an increase in slag content
did not affect the flow behavior significantly. However, to offset the negative effect
of SF on the flow behavior of the mix, both w/c ratio and SP dosage can be varied
independently to achieve a desired level of flow.
3. At a given dosage level of set retarding agent, increase in SF content, both in binary
and ternary blends, resulted in decrease in open time, while an increase in slag
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content resulted in an increase in open time. Open time and setting time of all
mixtures followed similar trends. Ideal VTI for these mixes was 0.6 to 0.75 and the
mixes which had higher open time were highlighted in Table 4.5.
4. Rheological parameters such as yield stress and plastic viscosity varied across
different mixtures depending not only on the mixture composition but also with
time after mixing. Regardless of the type of mix, yield stress of the mixes can be
controlled with specific surface area.
5. Binary mixtures containing either SF or Slag showed improved performance in 28day compressive strength with increasing dosage levels, with SF mixtures
performing better than Slag mixtures. However, ternary mixtures with SF and Slag
showed lower strength than corresponding binary mixture with SF.
6. Similar trend was observed in flexural and split-tensile strength at 7 and 28 days
for binary mixtures of SF and Slag. However, Slag mixtures showed lower split
tensile strength at all dosage levels compared to SF mixtures.
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Chapter 5
Influence of Meta-kaolin and slag on properties of 3D
printable cementitious mixtures for application in additive
manufacturing
5.1

Abstract
3D concrete printing is an innovative construction technique that optimizes time,

cost, flexibility in design, environmental aspects and error reduction in construction. The
major problems faced in this 3D concrete printing focuses mainly on the optimization of a
concrete mixture that is suitable for printing and relies heavily on repeated trails. The
present study focuses on investigating the influence of binary and ternary blended
cementitious mixtures containing Meta-kaolin (MK) and slag on fresh, rheological and
mechanical properties of concrete for 3D concrete printing. Chemical admixtures such as
superplasticizers (SP), set retarder, viscosity modifying agent (VMA) and additives such
as polypropylene fibers in addition with the binder. From this study, it was determined that
standard flow between 126% and 133% of the mixtures determined from flow table test
(ASTM C1437) was found to be suitable for extruding through the nozzle. Rheological
parameters like yield stress and plastic viscosity have been evaluated and results show that
addition of MK enhances the viscosity and reduces bleeding in the mixtures. The results of
this investigation showed that MK demonstrated a significant increase in plastic viscosity
of the mixture and slag increased the flowability of the mixes in addition to providing
cohesivity to the mix. Mechanical performance of the mixtures was assessed by testing for
compression, flexural and split-tensile strength tests. Binary mixtures containing MK
showed similar performance in compression strength at 7 and 28 days. Flexural strength
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decreased with increase in MK dosage levels in binary mixtures at both 7 and 28 days. Split
tensile strength increased with increase in MK dosage levels in binary mixes at both 7 and
28 days. Ternary mixtures containing MK and slag showed decrease in strength for
compression, flexural and split tensile strength tests at both 7 and 28 days.

5.2

Introduction
In conventional construction, building components are fabricated by placing concrete

into formwork and then vibrating it. Self-compacting and sprayed concretes are the two
alternative strategies followed in construction to eliminate the compaction process.
However, formwork is needed for these concretes which need considerable time and labor
for setting up. Sprayed concrete is usually used to eliminate temporary formwork and the
mixes are designed for minimum voids and they require high cement content to facilitate
adhesion and make sure that the mix can be pumpable and sprayable. Even though
formwork is reduced by this method, there is no shape and form for building components.
An innovative process of construction which involves employing an additive layer-based
manufacturing technique is 3D concrete printing. The structural components can be built
layer-by-layer and this does not require formwork like traditional construction. 3D
modelling software is used to design the building components and then the these are sliced
to two dimensional layers. Structural components are printed layer-by-layer by the
controlled extrusion of cementitious materials once the data is exported to the printing
machine. There are various challenges involved in development of printing concrete. For
extruding the concrete through nozzle to form structural components, concrete should have
desired extrudability. When the fresh concrete is extruded to form continuous layers one
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top of the other, the filaments should have adequate bond between them. Furthermore,
sufficient buildability was required to support previous layers without collapsing and
provide sufficient bond between layers. A systematic approach is required to optimize the
mix design considering the rheological parameters, fresh properties such as extrudability,
workability and open time.
•

Considering the rheological aspect of 3D printable concrete, lower yield stress and
higher viscosity results in higher plasticity and better workability. However, setting
time should be shorter and high early strength is required for the printed concrete.

•

Addition of chemical admixtures can change the flowability, buildability and
viscosity of printed concrete. Addition of polycarboxylate superplasticizer can
increase the flowability and compressive strength of the cementitious composites
and inclusion of retarders can optimize the setting properties as needed.

•

It is also determined from literature that sand of different sizes, shapes and fineness
modulus had no effect on the extrusion but for a fixed mix proportion, increase in
fineness modulus decreases the viscosity and printing width of single layer and
increases the flowability of the mixture. Therefore, Effective sand of different
design requirements is necessary for 3D printing.

Supplementary cementitious materials are used in this study as they have very profound
nature that influence the fresh concrete properties of the mixture. In this study, Meta-kaolin
(MK) was used as the main SCM since it aids in increase in plastic viscosity and induces
thixotropic behavior to the mix. MK, one of the most effective pozzolanic material is
typically used at low dosage levels of up to 10% cement replacement levels [1]. At dosage
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levels greater than 10%, MK can severely increase the water demand and enhance the
plastic viscosity, and hence it is not suitable for 3D printing. Also, the cost of MK is
significantly higher than that of cement rendering it not economical for large scale use for
routine application [2]. It is proven fact that when MK is used in concrete, it becomes more
cohesive and less likely to bleed and this leads to easy pumping and finishing processes
[1]. Compressive strength of concrete containing MK also increases up to certain cement
replacement level and remains unchanged at higher dosage levels, and it is more resistant
to attack by sulfates, chloride ions and freeze-thaw effect [1]. The properties such as
workability, strength and durability can be improved by using ground granulated blast
furnace slag (GGBFS). The glassy particle structure of GGBFS helps to increases the
workability [3]. Segregation problems are also minimized since handling and pumping of
slag is very easy. The lower density and flowing ability of slag mix helps in pumping easily
[3]. The principal objective of this study is to characterize the impact of MK and Slag at
different dosage levels on the fresh, rheological and hardened properties of concrete for
applications in 3D printing.

5.3

Materials and methods
In this research, Printable mortars containing Portland cement mortar mixture

containing MK, slag and chemical admixtures such as superplasticizers (SP), viscosity
modifying agents (VMA), set-retarding admixtures (SR) and additives such as
polypropylene (PP) fibers were designed. Mix performance characteristics such as open
time, extrudability and buildability and fresh properties such as flow behavior, yield stress,
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plastic viscosity, setting time were evaluated. The influence of MK, Slag content and
water-to-binder ratios were compared to these performance measures. The mechanical
properties like compressive strength, flexural and split tensile strength test of these
mixtures have been investigated.

5.3.1 Materials
Materials such as Type I/II cement from ARGOS Cement Company, Slag from
Lafarge-Holcim US of grade 150 and meta-kaolin from Burgess, Inc. (Optipozz™) were
employed in this study. Table 5.1 shows the chemical composition of the materials. SP
used in this study was polycarboxylate based water-reducer (MasterGlenium 7920). VMA
(MasterMatrix VMA 362) and set-retarding admixture (MasterLife SRA 035) were
employed. Graded natural sand was used as an aggregate which had specific gravity of
2.65 and water absorption of 0.5%.
Table 5.1 – Chemical Composition of the materials

Chemical
Composition
(%)
SiO2
Al2O2
Fe2O3
CaO
MgO
Na2O
K2O
SO3
Specific surface
area

Type I/II
Cement
(%)
19.93
4.77
3.13
62.27
2.7
0.06
0.48
2.65
390 m2/kg
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Meta-kaolin
(%)

Slag
(%)

52.4
44.3
0.5
0.02
0.12
0.01
11500 m2/kg

38.17
7.31
0.78
39.12
12.48
0.2
600 m2/kg

5.3.2 Mixture Proportions
The pumpability of the mixes is assessed by determining the flow behavior of the
mixes after conducting several preliminary experiments on various mixtures. It was
determined from these studies that pumpable mixture for 3D printing purposes can be
obtained when the flow value of fresh mortar ranges from 126% and 136%. The mix
becomes stiff and it is difficult to pump if the flow value is less than 126%. If the flow was
greater than 136%, the printed layers had no shape retention. The dosages of SP, VMA and
retarders were optimized to achieve similar flow, open time and shape stability of the
mixtures. Sand-to-cement (s/c) ratio of 1.22 was found to be suitable for developing a mix
with desired flow. Incorporating SP, VMA, SR and PP fibers, a control mixture (C0) was
developed and this mixture was used as a reference mixture to compare the effect of MK,
slag and their combinations on the mix properties as shown in Table 5.2.
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Table 5.2 – Comparison of MK and slag blended mixtures with reference mix C0 with no change
in admixture dosage
Mix
No

Mix
Notation

Mix Description

w/c
ratio

s/c
ratio

SP
(%)

VMA
(%)
0.2

PP
fibers
(%)
0.05

Set
Retarder
(%)
0.07

1

C0

Control

0.3

1.22

0.3

2

MK1-5

C-95%, MK-5%

0.3

1.22

0.3

0.2

0.05

0.07

3

MK1-7.5

C-92.5%, MK-7.5%

0.3

1.22

0.3

0.2

0.05

0.07

4

MK1-10

C-90%, MK-10%

0.3

1.22

0.3

0.2

0.05

0.07

5

S1-30

C-70%, S-30%

0.3

1.22

0.3

0.2

0.05

0.07

6

S1-40

C-60%, S-40%

0.3

1.22

0.3

0.2

0.05

0.07

7

S1-50

C-50%, S-50%

0.3

1.22

0.3

0.2

0.05

0.07

5

MK1-5
S1-30
MK1-7.5
S1-40

C-65%, MK-5%, S130%
C-52.5%, MK-7.5%,
S1-40%

0.3

1.22

0.3

0.2

0.05

0.07

0.3

1.22

0.3

0.2

0.05

0.07

MK1-10
S1-50

C-40%, MK-10%,
S1-50%

0.3

1.22

0.3

0.2

0.05

0.07

6
7

The dosage of SP was varied and VMA was increased in mixes shown in Table 5.3 in order
to achieve a flow between 126% to 136%, while other parameters are kept constant. The
mix design adopted in this study is shown in Table 3 and these mixes were tested for fresh,
rheological and mechanical properties. Graded finer sand than what is typically used in
conventional concrete is employed in this study and the gradation selected is chosen based
on the nozzle diameter. Particle size gradation of this study in comparison with ASTM
C778 [4] and ASTM C33 [5] is shown in Figure 5.1.
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Table 5.3- Comparing SCM blended mixtures with reference mixture C0 with varying SP dosage
and increasing VMA to match the flow behavior
Mix
No

Mix
Notation

Mix Description

s/c
rati
o
1.22

SP
(%)

VMA
(%)

Control

w/c
rati
o
0.3

0.2

PP
fibres
(%)
0.05

Set
Retarder
(%)
0.07

1

C0

0.3

8

MK-5

C-95%, MK-5%

0.3

1.22

0.4

0.4

0.05

0.07

9

MK-7.5

C-92.5%, MK-7.5%

0.3

1.22

0.4

0.05

0.07

1.22

0.4
5
0.5

10

MK-10

C-90%, MK-10%

0.3

0.4

0.05

0.07

11

S-30

C-70%, S-30%

0.3

1.22

0.4

0.4

0.05

0.07

12

S-40

C-60%, S-40%

0.3

1.22

0.4

0.05

0.07

S-50

C-50%, S-50%

0.3

1.22

0.4
5
0.5

13

0.4

0.05

0.07

14

MK-5 S-30

0.3

1.22

0.4

0.4

0.05

0.07

15

MK-7.5 S40
MK-10 S50

C-65%, MK-5%, S30%
C-52.5%, MK-7.5%,
S-40%
C-40%, MK-10%, S50%

0.3

1.22

0.4

0.05

0.07

0.3

1.22

0.4
5
0.5

0.4

0.05

0.07

16

Figure 5.1 Sand particle size gradation
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5.4

Tests on fresh properties

Flow table test
The flow behavior of the mixture was evaluated by performing Flow table test as per
ASTM C1437 [7] and this helps in determining the ability to pump the mortar mixture.
Addition of SP to the mixtures helped in improving the flowability of the mortar. The
desired flow (126%-133%) was achieved by optimizing various parameters such as
admixture dosage, polypropylene fibers dosage, content of binder and gradation design.

Mini-Slump test (Modified)
Modified mini-slump test was used to determine the influence of vibration of the
mixtures on the flow behavior. Mini steel slump cone used in this study is ½ scale of the
standard slump cone as per ASTM C143 [7]. The cone is 6-inch-tall with a 2-inch top
opening diameter and a 4-inch bottom diameter. The workability loss was monitored by
plotting average diameter of the mini slump spread against time. Mini slump test was
performed on glass plate mounted on a vibrating table. Amplitude of 40G (1287 ft/s^2) and
frequency of 60 Hz was set constant in the vibrating table. The cone is filled in layers of
three by the tamping the mortar in place. The spread diameter is recorded after the mini
slump cone was lifted slowly. The time taken to reach a spread of 22 cm diameter was
recorded after the vibrating table was switch on.

Extrudability and open time
Method to test extrudability consists of a printer head that contains a rotating screw and
one end of the printer head consists of a hose pipe and other head consists of a hopper in
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which the material is fed [8]. The hopper consists of a small vibrator attached to it which
helps to fluidize the mixture while depositing it. The stainless-steel head consists of an
auger with a hold plate and lock nut to lock the hose pipe with steel head. Proper printing
resolution is achieved by fixing the hose and nozzle diameter to 1.25 inches. Extrudability
of the mix is determined by ability of the material to extrude continuously without any
defects. Well-graded aggregates are used in the mixture with maximum particle size less
than 1.18 mm. The ratio of 1.22 was used as sand to binder ratio for all the mixtures. The
maximum particle size in the mixture should be smaller than hose and nozzle diameter to
achieve good extrudability. Open time was measured as the time from the conclusion of
the mixing operation up to a point of time when the mortar mixture could no longer be
pumped effectively and extruded without any defects.

Initial Setting time
Initial setting time of mortars was measured in accordance to ASTM C 403 [9]. Set
retarding admixture was used to delay the setting time of mortars.

Rheology
ICAR plus rheometer is used to determine the yield stress and plastic viscosity of
the mixes in this study. In the initial phase where there is no flow the shear stress increases
gradually with time and the torque required to initiate the flow from rest condition is high.
When the desired flow is achieved, required torque to maintain the flow is reduced in which
the concrete begins to flow, and static yield stress is reduced to dynamic yield stress.
Dynamic yield stress is obtained from the flow curve test and static yield stress is obtained
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from stress-growth test [10]. Yield stress that is shown in this present study is the static
yield stress.

5.5

Tests on hardened properties

Compressive strength test of the mortar samples was determined as per ASTM C109 [11].
2-inch cube specimens were casted for this test and tested for 7 and 28 days to obtain the
compressive strength. Flexural strength of the mortar samples was determined as per
ASTM C78 [12]. Test prisms were of dimensions 1.57 in x 1.57 in x 6.3 in for the flexural
test and they were tested for 7 and 28 days. Split tensile strength of the cylinder specimens
was determined as per ASTM C496 [13]. Cylinders were of dimensions 3 in x 6 in and
they were tested for 7 and 28 days. Average value was obtained from the three specimens
tested in all of these tests.

5.6

Results and discussion

5.6.1 Flowability
The percent flow of the mixtures in accordance with ASTM C1437 was measured. The
reference mixture C0 was designed for a flow of 133%. Various SCMs such as MK and
slag have been added in different replacement levels as shown in Table 5.2. The percent
flow of all the mixes in Table 5.2 are shown in Figure 5.2a. Percent flow decreased with
increase in amount of MK in the mixture. MK has higher surface area compared with
portland cement and particle size (∼1–2 μm). Smooth surface texture of slag particles is
the reason for increase in percent flow of slag with increase in the levels of slag. The flow
reduced with increase in dosages of mixes which had combination of slag and MK. Even

104

though slag increased the percent flow of the mix, the effect was counteracted by presence
of MK in these mixtures.
160

Percent flow (%)

140
120
100

80
60
40

20
0
C0

MK1-5

SP-0.3

SP-0.3

MK1-7.5 MK1-10
SP-0.3

SP-0.3

S1-30

S1-40

S1-50

MK1-5
S1-30

SP-0.3

SP-0.3

SP-0.3

SP-0.3

MK1-7.5 MK1-10
S1-40
S1-50
SP-0.3

SP-0.3

VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2

Mix type

Figure 5.2a Percent flow of mixes as shown in Table 5.2

The flowability of mixes 2 to 7 was improved by increasing the SP and modifying
the VMA dosage levels to achieve a flow of 120 to 150 % for all mixes. Mixes 8 to 10 had
varied SP dosage levels while maintaining the water-to-cement ratio and other admixture
dosage levels constant to achieve a constant flow of 133%. SP dosage 0.4% was used for
mixes 8,11 and 14 and 0.45% was used for mixes 9, 12 and 15 and 0.5% was used for
mixes 10,13 and 16. The VMA dosage was increased from 0.2% to 0.4% in order to achieve
the required flow of 133 % for the mixes 8 to 10. VMA dosage was decided based on the
percent flow of the mixes as shown in Figure 5.2b. The mixes which had 0.2% VMA
increased the flow for mixes 8 to 10 with varied SP dosage levels as shown in Figure 5.2c.
Hence VMA dosage of 0.4% was added in order to reduce the flow to 133% for mixes 8 to
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16 as shown in Figure 5.2d. It is understood from Figure 5d that flow can be adjusted to a
range of 120% to 140 % by varying SP dosage levels and making the mix pumpable for
3D printing.
175
150

Percent flow (%)

125
100
75

50
25
0
0.1

0.2

0.3

VMA (%)

Figure 5.2b Decrease in percent flow with increase in VMA dosage
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S-40
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40
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VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2 VMA-0.2
Mix Type

Figure 5.2c Percent flow of mixes as shown in Table 2 with varied SP and 0.2%VMA dosage
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MK-7.5

MK-10

S-30

S-40

S-50

SP-0.3
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40
50
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VMA-0.2 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4
Mix Type

Figure 5.2d Percent flow of mixes as shown in Table 2 with varied SP and 0.4%VMA dosage
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Modified Mini-slump cone test
The flow behavior of the different mixtures with the impact of vibration was studied
by mini-slump cone test. The time taken to reach a spread of 22 cm with vibration for
different mixes is shown in Figure 5.3. From Figure 5.3a, mix MK-5 responded to vibration
in 7.5 seconds while mixes C0, MK-7.5 and MK-10 had taken longer time of more than 13
seconds to reach a spread of 22cm. In figure 5.3b, S-30 mix responded to vibration faster
in less than 6 seconds, S-40 mix in less than 8 seconds and S-50 mix in less than 11 seconds
to achieve a spread of 22cm. These mixes were responded to vibration way faster than
control C0 which had taken 20 seconds to reach a 22cm spread. In Figure 5.3c, MK-5 S30 responded to vibration in 11 seconds while MK-7.5 S-40 and control C0 responded
almost at the same time of 16 seconds to reach a 22cm spread. Mix MK-10 S-50 had taken
longer time of around 23 seconds to reach a spread of 22 cm. The capability of responding
to vibration is reduced for the ternary mixes due to increase in cohesiveness and stiffening.
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Spread Diameter (cm)

26
24
22
20
18
16
14
12
10
8
6
4
2
0

C0
MK-5 S-30
MK-7.5 S-40
MK-10 S-50

0

5

10

15

20

25

Time (s)

5.3(c)
Figure 5.3 Time taken to achieve a spread of 22 cm upon vibration

Based on this test, vibration time index is calculated for all the mixtures based on the
formula given below. Table 5.4 shows the vibration time index of all the mixtures shown
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in Table 5.3. Mixes shown in blue in Table 5.4 determined to have responded to vibration
faster. Ideal VTI value for mix containing MK or slag is determined to be 0.5 to 0.7 based
on this experiment.
𝐕𝐢𝐛𝐫𝐚𝐭𝐢𝐨𝐧 𝐭𝐢𝐦𝐞 𝐢𝐧𝐝𝐞𝐱
=

𝐓𝐢𝐦𝐞 𝐭𝐚𝐤𝐞𝐧 𝐭𝐨 𝐫𝐞𝐚𝐜𝐡 𝐭𝐡𝐞 𝐬𝐩𝐫𝐞𝐚𝐝 𝐨𝐟 𝟐𝟐𝐜𝐦 𝐰𝐢𝐭𝐡 𝐯𝐢𝐛𝐫𝐚𝐭𝐢𝐨𝐧
𝐓𝐢𝐦𝐞 𝐭𝐚𝐤𝐞𝐧 𝐭𝐨 𝐫𝐞𝐚𝐜𝐡 𝟐𝟐 𝐜𝐦 𝐢𝐧 𝐅𝐥𝐨𝐰 𝐓𝐚𝐛𝐥𝐞 (𝐀𝐒𝐓𝐌 𝐂𝟏𝟒𝟑𝟕 𝐌𝐞𝐭𝐡𝐨𝐝) = (𝟏𝟓 𝒔𝒆𝒄𝒔)
Table 5.4 Vibration time index of mixes in Table 5.3

Mix type

Vibration time index

C0

1.124

MK-5

0.533

MK-7.5

1.0

MK-10

1.33

S-30

0.694

S-40

0.506

S-50

0.383

MK-5 S-30

0.67

MK-7.5 S-40

1.16

MK-10 S-50

1.67
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Open time and Initial Setting time
Figure 5.4 shows the open time and initial setting time of mixes in Table 5.3. It is noted
from the graph that all the binary and ternary mixes had higher open time compared to
control mix. Open time and initial setting time of the mixes decreased with increase in MK
dosage levels in binary mixes even though mixes were designed for a constant flow of
133%. Increase in MK and slag dosage levels in ternary mixtures reduced the open time
and initial setting time of the mixes. Even though all the mixtures showed higher open time
than control, mixtures S-40 and S-50 did not have shape retention when subjected to
extrusion and these mixes are not 3D printable.
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S40
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SP-0.45

SP-0.5

SP-0.4

SP-0.45

SP-0.5

MK-5 S- MK-7.5 S- MK-10 S30
40
50
SP-0.4

SP-0.45

SP-0.5

VMA-0.2 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4 VMA-0.4

Mix Type
Open time

Initial Setting time

Figure 5.4 Open time and Initial setting time of all mixes
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Yield stress
The yield stress and specific surface area of the mixes given in Table 5.2 are shown in
Figure 5.5. It is determined from the graph that when the yield stress of the mixes increases,
the specific surface area also increases and vice versa for binary and ternary blended mixes
of both MK and slag. Figure 5.6 shows the relationship between yield stress and specific
surface area of the mixtures. The regression equation as a function of specific surface area
is shown in Figure 5.6. The slope of the regression equation is high for binary mixtures
containing MK in them in comparison with other mixtures which means that with a little
increase over the surface area, increment in the yield stress is highest in MK mixtures and
lowest in slag mixtures. With the combination of MK and slag, the slope value is between
the slope value of binary mixtures of MK and slag. Even though the addition of slag is
increasing the yield stress of the combination mixtures, increment in yield stress is less
compared to binary mixtures of MK since the slope of the regression equation is less in
comparison with binary mixtures containing MK in them.
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Figure 5.5 Yield stress for mixes Table 5.2
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Figure 5.6 Relationship between Yield stress and SSA of mixes in Table 5.2
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1600

All the mixes have been remixed before testing for yield stress at the end of open
time. Yield stress of mixes in Table 5.3 are shown in Figure 5.7. Yield stress of MK and
slag binary mixes was low soon after mixing than control mix (C0). Yield stress of ternary
blend MK-5 S-30 was also as low as binary mixes soon after mixing and yield stress
increased with increase in dosage levels of MK and slag. Yield stress of binary mixes
containing slag was low at the end of open time. Yield stress of binary and ternary blends
of MK-7.5 and MK-10 was higher at the end of open time than control and other binary
blends.
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After Mixing

End of Open time

Figure 5.7 Yield stress of mixes in Table 5.3
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Plastic viscosity
The plastic viscosity of the mixes in Table 5.3 are shown in Figure 5.8. Binary and
ternary blends of MK mixes had higher plastic viscosity than control after mixing and
plastic viscosity incresaed with increase in dosage levels after mixing and at the end of
open time after remixing as well. Binary blends of slag mixtures had low plastic viscosity
after mixing than control and other mixtures and viscosity further decreased at the end of
open time. All the mixes were remixed at the end of open time to test for plastic viscosity
which in turn fluidizes the mixture there by reducing the viscous nature of the mix.
However, binary and ternary blends of MK did not fluidize even after remixing unlike
binary mixes of slag. This is due to the fact that MK mixes are attaining the cohesiveness
and stiffening property.
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Figure 5.8 Plastic viscosity for mixes in Table 3
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Compressive strength test
The compressive strength test performed as per ASTM C109 is shown in Figure 5.9.
Direction of load application was perpendicular to direction in which the layers were cast.
The 7- and 28-day compressive strength was tested for all the mixes. The mixes which had
binary blends of MK in them showed decrease in early age strength with increase in MK,
however the strength at the later ages increased with increase in MK. The mixes which had
only slag in them had similar strength at early ages, however strength increased at the later
ages with increase in slag content. The mixes which had combination of slag and MK in
them showed decrease in strength at early and later ages with increase in MK and slag
dosages. The mix MK-5 S-30 had the highest early-age and later age strength in
comparison to other mixes.
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Figure 5.9 Compressive strength of all mixtures
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Flexural strength test
The flexural strength test was performed as per ASTM C78. Direction of load
application was perpendicular to direction in which the layers were cast. The 7- and 28day flexural strength was tested for all the mixes. Figure 5.10 shows the flexural strength
values of mixes in Table 5.3. The binary mixes of MK showed decrease in flexural strength
at early ages and later ages as well with increase in MK dosage levels. The binary mixes
of slag showed similar trends at early and later ages even with increase in slag dosage
levels. The mixes which had combination of slag and SF in them showed decrease in
strength at early and later ages with increase in SF and slag dosages.
20

Flexural Strength (MPa)

18
16
14
12
10
8
6
4
2

0
C0

MK-5 MK-7.5 MK-10

S-30

S-40

S-50 MK-5 S- MK-7.5 MK-10
30
S-40
S-50

Mix Type
7-day strength

28-day strength

Figure 5.10 Flexural strength of all mixtures
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Split tensile strength test
The split tensile strength test was performed as per ASTM C496. The layer height of
1.5 in each were casted in direction parallel to the applied load. The 7- and 28-day split
tensile strength was tested for all the mixes are shown in figure 5.11. The mixes which had
only MK in them showed similar trends in early age and later age strength with increase in
MK dosage levels. Mixes which had binary blends of slag showed decrease in strength at
increase in slag dosage levels at early and later ages as well. Ternary blends MK5 S30 had
higher strength at early and later ages compared to other ternary blended mixtures.
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Figure 5.11 Split tensile strength of all mixtures
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5.7

Conclusion

In this study, the replacement levels of SCMs such as MK, slag and their combinations
have been studied for various properties like flow, open time, setting time, rheology and
mechanical properties.
Binary and ternary blends of mixtures with Meta-Kaolin (MK) and Slag(S) capable
of achieving a desired flow (120% to 140%) for 3D printing can be produced by
using suitable combinations of SP and VMA.
In binary mixtures containing MK, the yield stress of a freshly mixed mortar did
not show appreciable change with increasing dosage level of MK; however, a
substantial increase in the yield stress was observed at the end of open time.
Similarly, plastic viscosity was relatively uninfluenced with increase in MK content
in the freshly mixed state, however substantial increase was observed at the end of
open time.
In binary mixtures containing Slag (S), the yield stress in both freshly mixed state
and at the end of open time did not change with increasing dosage levels of slag.
However, in these mixtures, plastic viscosity not only decreased with increasing
dosage levels of slag, but plastic viscosity of mixtures at the end of open time was
substantially less compared to that of a mixture in freshly mixed state.
In ternary mixtures containing MK and S, both yield stress and plastic viscosity
showed higher values at the end of open time compared to freshly mixed state.
Also, both yield stress and plastic viscosity showed a significant increase with
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increase in the dosage levels of SCMs (i.e MK+S content), as compared to the
respective binary mixtures.
Even though the addition of slag is increasing the yield stress of the combination
mixtures, increment in yield stress is less compared to binary mixtures of MK since
the slope of the regression equation is less in comparison with binary mixtures
containing MK in them. Therefore, it is evident that regardless of the type of mix,
yield stress of the mixes can be controlled with specific surface area.
Of all the mixtures studied, MK-5, MK-5 S-30 and S-30 exhibited longer open time,
while still meeting the desired flow requirements. Also, these mixtures showed a
very favorable response in flow when subjected to vibration. Ideal VTI for these
mixes was 0.5 to 0.7 and the mixes which had higher open time were highlighted
in Table 5.4.
Binary mixtures containing either MK or Slag showed similar performance in
compressive strength at all dosage levels at a given age, with MK mixtures
performing better than Slag mixtures. However, ternary mixtures with MK and
Slag showed lower strength than respective binary mixtures. The MK mixtures
showed similar trend in flexural and split-tensile strength at 7 and 28-days.
However, Slag mixtures showed lower split tensile strength at higher dosage
levels.
Overall, binary and ternary mixtures with MK and Slag can be produced that are 3D
printable with adequate open time. Additional studies are being conducted to explore the
buildability and shape retention characteristics of mixtures
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CHAPTER 6
Effect of layer interval on the properties of 3D printable
concrete
6.1

Abstract
3D Concrete printing (3DCP) is an extrusion-based technology in which the

cementitious mortars is deposited on top of each other to gradually form layers. This
additive manufacturing technique does not require formwork and has been progressing
rapidly over the past few years. While printing concrete layer by layer, it is important to
consider the time taken to reach the subsequent layer as the bond at the interface of the two
printed layers is important. In this study, the time gap effect on the printed layers is studied
by determining the flow behavior and rheological properties of the material which are
measured at different time gaps of 0min,5min,10min and 20min. Normal stress and shear
stress in fresh state were evaluated at the failure using J-shear apparatus [13] and it was
determined that shear stress decreased with increase in time gap between layers which
indicates weakening of bond between the layers with increase in time intervals. Various
mechanical properties such as compressive strength, flexural strength and split-tensile
strength were evaluated at different time intervals and it was determined that the when the
time intervals increased the strength decreased. Rate of water absorption was determined
with increase in layer interval time and it was determined that absorption was higher when
the layer time gap was 20 min.
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6.2

Introduction
3D concrete printing is an additive manufacturing technique in which the linear

filaments of cementitious mortar are extruded through a nozzle and built layer by layer
based on a predefined three-dimensional computer model without the need for formwork.
The technology of 3D concrete printing has been progressed rapidly over the last few years
and the materials used for 3D concrete printing should be pumpable, self-compacting and
should have zero-slump [1]. Adopting this technology not only saves time and money but
also adds the ability to create freeform, complex architectural shapes without exponential
costs. Since the process of 3D printing is different from conventional construction, existing
design codes may be insufficient to address certain properties of printed elements. Many
problems have been unexplored in machine, materials and structural performance due to
the nature of 3D printing techniques and the research into 3DCP is still in its early stages.
Major problem faced in this type of construction is not being able to reinforce the structure
conventionally to provide tensile strength. A stiff cementitious mixture is deposited layerby-layer in extrusion-based 3D printing. The material that is extrudable should be able to
maintain its shape once deposited and the deposited layers should be buildable which
means they should not collapse under the load of subsequent layers. There is also a growing
need for mechanical properties at layer-to-layer interfaces to perform structural
calculations especially under tension and shear [2]. Another problem faced is the interface
between the layers during layer by layer fabrication and time gap effects since the challenge
of obtaining a strong interface in the bond becomes crucial part in the strength and
durability characteristics of the structure [3].
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The performance of printed concrete is dependent on the layer interval time. This time gap
is based on the distance that it needs to cover for a single layer and the travel speed of the
nozzle. This causes the interface between the two layers to possess weak bond [1]. Lack of
intermixing between layers might cause weak interfacial bond or cold joints during printing
process. The stiffness of the layer deposited and time gap between the layers which are
successively deposited influence the bond interface [4]. The interlayer strength drops
almost 50% when subjected to environmental drying compared to layers which are
protected from drying [5]. Formation of bond can be classified as either mechanical or
chemical. Hydration and bonding of cement particles across the interface is referred to as
chemical bonding while physical properties of the layer are the mechanical bonding. The
flow and rheological characteristics of cementitious mortars are controlled by adding
Viscosity Modifying admixtures (VMA) which are soluble in water and are used to ensure
good extrudability and reduce the permeability of cement paste. Even though VMA in the
mix reduces the flowability, it increases the yield stress and plastic viscosity which in turn
enhance the mechanical properties of the mix.
Voids at the interface of the layers are identified by microstructural analysis techniques
and these voids occur due to roughness of the surface and extruded layer stiffness [6]. Poor
anchorage and reduced contact area are caused due to inability of the layers to mould and
anchor into the pore structure which in turn causes logarithmic reduction in bond strength
[7]. The bond strength due to time gap interval can be improved by decreasing the void
structure and increasing the interface contact area. Bond strength of 3D concrete printed
elements increases due to presence of surface moisture. Microstructural analysis
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techniques (SEM and MIP) are used to characterize the bond at the interface. The main
disadvantage of using this method is it damages the sample causing micro cracks at the
interface which cause misleading results. X-ray or computed tomography scans-based
image analysis provide overall view of the interface but are time consuming and costly [8].
Microscopy and laser scanning are used but they have certain limitation due to high cost
and inability to obtain complete section of an image. Image acquisition using flat bead
scanners may provide fast and quality results [9].
According to Paul et al., printed concrete strength has anisotropic properties and the
strength is weaker perpendicular to its printing direction than in the direction parallel to its
printing direction.
Size of the aggregates, composition of the materials, printing speed and time-gap have
influence on the 3D printed objects. Zareiyan and Khosnevis have reported that lower
aggregate to binder ratio and aggregates which are smaller in size yield higher tensile
strength [10]. The layer interval time should be small to eliminate weak interface between
the two layers and this weak interface might increase the porosity and permeability. When
the critical yield stress value is exceeded due to too much rebuilding of the initial layer,
then two layers do not bond causing weak interface between concrete layers [11]. The
effect on the manufacturing process with respect to hardened material properties have been
studied by Le et al [11]. The compressive and flexural strengths were tested in three mutual
perpendicular direction to study the behavior and it was determined that strengths were
directional dependent [11].
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Various studies have followed different methods to study the interfacial strength of 3D
printed concrete layers since there is no standard approach. Due to differences in printing
processes and test procedures, findings of one study cannot be transferable to others. The
bond between subsequent layers can be improved by increasing the mechanical contact
between the layers. It is necessary to quantify the bond strength between the layers in fresh
and printed concrete. This paper focuses on investigating the time gap effect on fresh,
rheological, hardened and durability properties of cementitious mortar containing ordinary
portland cement (OPC), Meta-kaolin (MK) and slag for applications in 3D concrete
printing. Layer interval time of 0min,5min,10min and 20min was casted for printable
mixtures as shown in Figure 6.1.

Figure 6.1 Layer interval time

6.3

Materials and methods

6.3.1 Materials
The mix chosen for this study was pumpable, extrudable while delivering through the hose
and retained shape after extrusion. Ternary mix containing optimum dosage of OPC, Metakaolin (MK) and slag had desired flow of 133%, higher open time and was favorable in
response when subjected to vibration was chosen to test for time gap effect. The mixture
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proportion of ternary mixtures had appropriate admixture dosages of superplasticizer (SP),
viscosity modifying agent (VMA) and set-retarding admixture. Ternary blend had OPC
dosage of 65%, MK dosage of 5%, slag dosage of 30% have been employed. Dosage of
SP, VMA, set-retarding admixture and Polypropylene fiber were 0.4%, 0.4%, 0.07% and
0.05%. Water to binder ratio of 0.3 was used. Graded natural sand containing maximum
particle size of sand of 1.18 mm was used. Sand to cement ratio of 1.22 was employed.
The chemical composition of materials used in this study are shown in Table 6.1.

Table 6.1 Chemical composition of materials
Chemical
Composition (%)

Type I/II Cement
(%)

Meta-kaolin
(%)

Slag
(%)

SiO2

19.93

52.4

38.17

Al2O2

4.77

44.3

7.31

Fe2O3
CaO

3.13
62.27

0.5
0.02

0.78
39.12

MgO

2.7

0.12

12.48

Na2O

0.06

-

-

K2O

0.48

-

-

SO3

2.65

0.01

0.2

6.3.2 Tests on fresh and rheological properties
The flow behavior of the mixtures control (C0) and MK (M) mixtures with time
gap as shown in Figure 6.1 was measured at various interval times after mixing by Flow
table test performed as per ASTM C1437 [12]. Interlayers stress such as shear stress at the
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failure plane between the layers is determined using J-shear test [13]. The schematic model
of the J-shear stress analysis is shown in Figure 6.2. J-shear apparatus consists of a top
box and bottom box. The top box is supported by four frictionless bearing which slide on
two groves provided inside of the plastic frame. Both the boxes are locked in place using a
special pin-lock provided in the bottom box [13]. Weight of the mixture displaced in the
top box and the tilting angle are obtained from the test and these two parameters are used
to calculate the shear stresses at the failure with the help of the following equations. This
method was used to study the bond between layers in fresh state.

Equation 1: Shear Stress () in kPa = ((L + B +MT) * 9.81 * sin)/A.

[13]

Where:
MT = Mass of the sample in the top box, Usually MT is determined by measuring the
weight of concrete displaced by the top box.
L = Load
B = Mass of the top box
 = Sample shear angle in degrees
A= Surface area of the plane

Figure 6.2 Model showing the J-shear stress analysis
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Rheological parameters such as yield stress and plastic viscosity were measured using
ICAR plus rheometer [14] at time intervals of 0 min, 5 min, 10 min and 20 min as described
in Figure 6.1. Yield stress shown in this study is the static yield stress.

6.3.3 Tests on hardened properties
Compressive strength test of the mortar samples was measured in accordance with
ASTM C109 [15]. For this test 2-inch cube specimens were cast with a layer height of 0.4inch. Time gap effect was studied by casting the layers in various times mentioned in Figure
6.1. The specimens were tested at 7 and 28 days to obtain the compressive strength.
Flexural strength of the mortar samples was measured in accordance with ASTM C78 [16].
The dimensions of the test prisms for flexural test were 1.57 in x 1.57 in x 6.3 in and were
casted in four different layers. The specimens were tested at 7 and 28 days to obtain the
flexural strength. Split tensile strength of the cylinder specimens was measured in
accordance with ASTM C496 [17]. The dimensions of the specimens were 3 in x 6 in
cylinders with a layer height of 1.5-inch. The specimens were tested at 7 and 28 days to
obtain the split tensile strength. In all of these, average value was obtained by testing three
specimens. The rate of absorption (sorptivity) of water on the specimens casted at various
layer interval times was measured in accordance with ASTM C1585 [18]. Absorption of
water as a function of time when only one surface of the specimen is exposed to water was
measured by noting the increase in mass of the specimen. This test was performed on 4 in
x 8 in cylinders which had each layer height of 1 in and casted with the layer interval
timings mentioned in Figure 6.1.
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6.4

Results and discussion

6.4.1 Flow behavior
The percent flow of the mixtures was measured in accordance with ASTM C1437.
Ternary blends of MK and slag mix was tested at time after mixing for 0 min, 5 min, 10
min and 20 min for flow. Effect of time after mixing on the percent flow of the mix is
shown in Figure 6.3. It was determined that increase in time after mixing resulted to reduce
the flow of the mixture. Time after mixing for 5 min and 10 min did not show any
significant effect on the flow but at 20 min percent flow had reduced since the mix started
to stiffen at this stage.
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Figure 6.3 Effect of time after mixing on Percent flow of the mix
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6.4.2 Rheological behavior
Yield stress of the mix at various times 0 min, 5 min, 10 min and 20 min after
mixing are shown in Figure 6.4a. Yield stress of the mix should be low while extruding
through the nozzle and should be sufficiently high after the layers are printed so that
buildability criteria is achieved. The bottom most layers should have sufficient strength to
withstand the load of layers on the top. Yield stress of M0 mix after mixing was 50 Pa and
the yield stress increased when the time after mixing increased. Yield stress of the mix 20
minutes after mixing was 177 Pa. Plastic viscosity of the mix at the various time after
mixing is shown in Figure 4b. Plastic viscosity of the mix immediately after mixing was
22 Pa.s and after 20 minutes was 27 Pa.s. Plastic viscosity increased with increase in time
after mixing and this is due to fact that stiffening of the mix increases with increase in the
viscous nature of the mixture.
200
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150
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Figure 6.4a Effect of time after mixing on Yield stress
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Figure 6.4b Effect of time after mixing on Plastic viscosity

6.4.3 Effect of layer interval time on the interlayer stresses
Interlayer stresses are determined using the J-shear test [13]. Bond between layers the
layers in fresh state be determined with this test. The shear stress at the failure plane is
calculated by equation 1. The test was performed by filling in the mortar at various layer
interval times as shown in Figure 6.1 so that the layer interval times are maintained between
top and the bottom box. Figure 6.5 shows the shear stress and normal stress of mix with
various layer interval timings. It is clearly determined that M0 mix had higher shear stress
at the failure plane and the stress reduced with increase in layer interval time. When the
layer interval time increased, the shear stress decreased which is clear understanding that
the bond between layers in fresh state is getting weaker when the layer interval time
increases.
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Figure 6.5 Effect of layer interval time on the interlayer stresses

6.4.4 Compressive strength
The compressive strength test was performed in accordance with ASTM C109 [9].
The layers were casted in time gap of 1 min. The strength was tested in both loading
conditions as shown in figure 6.6a and 6.6b. The average results of the compressive
strength for both the loading condition are shown in Figure 6.6c.

135

Shear stress (Kpa)

2.5

20

a

b

Figure 6.6a and 6.6b Loading condition
70

Compressive Strength (MPa)

60

50
40
30
20
10
0
M0-I

M0-II
Layer Direction

Figure 6.6c Compressive strength on both loading conditions
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It is illustrated in Figure 6.6c that compressive strength at loading condition II was slightly
higher than loading condition I. When the interface between the layers was perpendicular
to the direction of applied load, the strength was lower compared to layers which was
parallel to the direction of applied load. The effect of layer interval time on the compressive
strength was tested for loading condition I as shown in Figure 6.6d for 7 and 28 days. Both
7- and 28-day compressive strength was decreasing with increase in layer interval time.
M0 and M5 mixes had similar strength at 7 and 28 days and the strength decreased with
increase in layer interval time for M10 and M20. The crack pattern with the time gap
between layers is shown in Figure 6e. The layer interval time of 20 min (M20) showed a
vertical crack at the interface of two layers.
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Figure 6.6d Effect of layer interval time on the compressive strength for loading condition I
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Figure 6.6e Crack pattern with time gap

6.4.5 Flexural strength
The flexural strength test was performed in accordance with ASTM C78 [10]. The layers
were casted in time gap of 1 min. The strength was tested in both loading conditions as
shown in figure 6.7a and 6.7b. The average results of the Flexural strength for both the
loading condition are shown in Figure 6.7c.

a

b

Figure 6.7a and 6.7b Loading condition

138

14

Flexural Strength (MPa)

12
10
8
6
4

2
0
M0-I

M0-II
Testing Orientation

Figure 6.7c Flexural strength on both loading conditions

It is illustrated in Figure 6.7c that flexural strength at both loading conditions was similar.
Irrespective of whether the interface between the layers was perpendicular or parallel to
the direction of applied load, the strength was similar. The effect of layer interval time on
the flexural strength was tested for loading condition I as shown in Figure 6.7d for 7 and
28 days. Both 7- and 28-day compressive strength was decreasing with increase in layer
interval time. M0 mix had higher flexural strength compared to other mixes. M5, M10 and
M20 mixes had shown a decrease in strength as the layer interval time was higher for these.
The crack pattern with the time gap between layers is shown in Figure 6.7e. Crack Pattern
was almost the same for all the layer interval times.
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Figure 6.7d Effect of layer interval time on the flexural strength for loading condition I

Figure 6.7e Crack pattern with time gap
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6.4.6 Split-tensile strength
The split tensile strength test was performed as per ASTM C496 [11]. The layers were cast
in direction parallel to the applied load as shown in Figure 6.8a. The 7 and 28-day split
tensile strength was tested for various layer interval times. Figure 6.8b shows the split
tensile strength at various layer interval times. M10 and M20 had lower strength than other
mixes which is a clear indicator that increase in layer interval time reduces the strength at
both 7 and 28 days.

Figure 6.8a Layers casted in direction parallel to the applied load
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Figure 6.8b split tensile strength at various layer interval times.

The crack pattern with the time gap between layers is shown in Figure 6.8c. The layer
interval time M5, M10 and M20 showed cracks at the interface of two layers.

Figure 6.8c Crack pattern at various layer interval time
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6.4.7 Water absorption
Water absorption with various layer interval times is determined in accordance with
ASTM C 1585 [12]. This test was performed on 4 in x 8 in cylinders which had each layer
height of 1 in and casted with the layer interval timings mentioned in Figure 1. The
schematic diagram showing the procedure is illustrated in Figure 6.9. The layers were
casted with 1-inch height as shown in 6.9a. The cylinder was cut into three small cylinders
in the cut section shown in Figure 6.9b. The specimen is prepared as per procedure shown
in ASTM C1585. The schematic of that is shown in Figure 6.9c.

Figure 6.9 Schematic of the procedure
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Table 6.2 Absorption values of the mixes
Layer interval time

Initial absorption (mm)

Secondary absorption
(mm)

M0

0.18923

0.43605

M5

0.22214

0.49776

M10

0.31264

0.58415

M20

0.17278

0.34966

Table 6.2 shows the initial absorption of the mixtures casted with various layer interval
times. Initial absorption increased with increase in layer interval time up to 10 minutes and
then decreased when the layer interval time was 20 minutes. Secondary absorption also
increased with increase in layer interval time and decreased when the layer interval time
was 20 minutes in the mixtures. Initial and secondary rate of absorption are determined
with this test method. M0 and M5 also had similar initial and secondary rate of absorption.
Initial rate of absorption was high for M10 mix and rate of absorption reduced later stages.
Initial rate of absorption was less for M20 mix but rate of absorption increased at later age.
It is understood that increase in layer interval times M10 and M20 had higher rate of
absorption compared to M0 and M5 mix.
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Figure 6.9a Rate of absorption for M0

Figure 6.9b Rate of absorption for M5
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Figure 6.9c Rate of absorption for M10

Figure 6.9d Rate of absorption for M20
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6.4.8 Pull-off test
The bond strength between the base slab (substrate) and the overlay was determined
using pull-off test method as per ASTM C1583 [19]. The base slab was casted with the 3D
printable cementitious mixtures and the surface was made rough after casting as shown in
figure 6.10a. The slab was cured for 24 hours before the overlay layers was casted on the
top. The time gap of 0min, 5min, 10min and 20min was maintained between the overlay
layers. This entire specimen was cured and was decided to be tested for 7 and 28 days. The
bond between the substrate and the overlay was very weak that the overlay was removed
or dislocated while coring the specimen as shown in Figure 6.10b and 6.10C for all the
time intervals mentioned before. Therefore, this test method was proven to be not valid to
test the bond strength between layers.

a

b
Figure 6.10 Bond between the overlay and the substrate
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c

6.5

Conclusion

In this study, the time gap effect on the ternary blended mix containing OPC, MK and
slag with control have been studied for various fresh, rheological, hardened and durability
properties.
Percent flow of the mixes remain unchanged at various time intervals after mixing,
However, after 20 min of mixing there was a slight decrease in percent flow
compared to other time intervals.
Yield stress increased with increase in time after mixing for ternary blended mix.
Yiled stress tested after 20 minutes of mixing i.e., for M20 mix was high compared
to others. Plastic viscosity gradually increased when the time after mixing increased
for all time intervals.
Shear stress and normal stresses at failure plane for M0 and M5 were high
compared to other mixes. Stresses decreased with increase in time gap which means
bond between layers was getting weaker.
When the interface between the layers was perpendicular to the direction of applied
load, the compressive strength was lower compared to layers which was parallel to
the direction of applied load. Compressive decreased significantly for M10 and
M20 at both 7 and 28 days which is a clear indicator that when the time gap is
increased strength decreased. Flexural strength did not show any significant
variation in both the loading conditions, however strength reduced with increase in
time gap between the layers. M10 and M20 showed decrease in split-tensile
strength at early ages than later ages compared to other mixes.
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Increase in layer interval times M10 had higher rate of absorption compared to M0
and M5 mix.
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Chapter 7
Influence of aggregate shape on the fresh, rheological and
hardened properties of 3D printable cementitious mixtures
7.1

Abstract

From the past years there has been an increased investigation and utilization of 3D printable
concrete since it possesses various advantages like reduction in workforce, reducing
consumption of raw materials, no use of formwork to print complex structures. An
increased investigation and utilization of 3D printable concrete is seen in construction
industry from the past few years. Numerous advantages are possessed by construction
industry such as workforce reduction, reducing consumption of raw materials, printing of
complex structures without any formwork etc. Since no formwork is needed to support
printable concrete. The printability of a mix is governed by various factors such as mix
flowability and rheological control. The gradation, fineness and aggregate type have an
impact on the printability of 3D printable cementitious mortar. Due to scarcity in
availability of natural sand, it is necessary to determine alternatives such as use
manufactured sand for printing concrete. In this study, the replacement levels of
manufactured sand at 0%, 25%, 50%, 75% and 100% with natural sand has been studied
on the properties such as flow behavior, rheology, response to vibration, compressive
strength, flexural strength and split-tensile strength and how it influences 3D printable
mixture. It was determined that replacement level up to 50% was beneficial to impart in
the mixtures to achieve the necessary workability and buildability parameters.
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7.2

Introduction
In recent years, digital and information technology have been rapidly developing

among which construction industry is also growing towards developing automation and
digitization. An increased investigation and utilization of 3D printable concrete is seen in
construction industry from the past few year [1]. Numerous advantages are possessed by
construction industry such as workforce reduction, reducing consumption of raw materials,
printing of complex structures without any formwork etc. Since no formwork is needed to
support printable concrete, it is necessary to have good buildability to resist the self-weight
and resist the load of subsequently deposited layers [2]. The mix should be extrudable to
pass through the nozzle. Buildability and extrudability are two essential performance
parameters that are considered in relationship with yield stress [3]. Buildability of the 3D
printable concrete is better when the yield stress is higher. However, extrudability criteria
is not achieved if the yield stress is too high since the mix will be too stiff to print [3].
The essential component of 3D printable concrete mortar is fine aggregate. Rheological
and printability of 3D printable concrete is influenced by gradations, fineness and type of
aggregates used [4]. Developing countries have a huge demand for natural sand (NS) in
order to satisfy the rapid infrastructure growth [5]. Depletion of natural sand deposits have
caused a huge threat to environment. Natural sand is not readily available and is transported
from long distances. Proper proportion of fine aggregates results in sand to have fewer
voids and required cement quantity will reduce due to this factor and sand gets economical
[6]. The rising demand of construction sector causes the increase in demand for natural
river sand because of its high cost and limited supply [7]. Artificial sand which is also
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known as manufactured sand (MS) or crushed sand is used alternatively to meet the rising
demand of natural sand. It is also known as ‘Crushed stone sand’ in which the Crushing
boulders are used to crush the stone [8]. These aggregates are bound to become flaky and
elongated since proper technique of manufacturing is not adopted. Improvements such as
washing, grading and blending of this sand are done before use in concrete [9]. Due to
presence of less amount of silt in fine particles of river sand and presence of impurities
makes it unreliable to use in concrete. Decay of these materials leads to shortening of life
of concrete [10]. Artificial sand should have certain requirements such as higher crushing
strength, grounded edge of the particles, smoother surface texture, not less than 30% ratio
of fines below 600 microns, no organic impurities, silt content should not exceed 2% [11].
Impact of replacement of MS with NS has been studied by many researchers across the
globe. The water dosage of the concrete mix is determined by shape of the grain, the
characteristics of the surface and angularity of the particles. It was determined that
manufactured sand has larger consumption of unit water, better permeability and frost
resistance and higher compressive strength. It was determined that replacement of 50% of
MS resulted in high compressive strength, flexural strength and split-tensile strength [12].
The strength increased to 60% gradually when MS was used in concrete in replacement to
NS [13]. It was found by Nadimalla et al., that strength of concrete at 28 days is 55% higher
when M sand is used. It was also determined that use of MS in concrete induced better
strength, self-curing and hydration properties [14]. Since the properties of concrete are
almost similar with the use of both MS and NS, eco balance can be maintained. The
rheological properties of mortar are affected by the shape and texture of aggregates. Larger
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mortar is required to fill the voids when highly angular aggregates that are rough in texture
are incorporated. This would in turn demand for higher water and fine aggregate content.
It is determined that mortars which contain MS display higher yield stress and plastic
viscosity than mortar with natural fine aggregate [15]. This occurs due to more irregular
particle shape and increased water demand on the properties of fine aggregate. It is also
proved that increased fineness of sand (fine aggregate) results in increase in yield stress
and increase in sand (fine aggregate) content results in both higher plastic viscosity and
yield stress of the mortar [15]. In this study the effect of replacement of manufactured sand
at 0%, 25%,50%,75% and 100% on fresh, rheological and hardened properties of the 3D
printable cementitious mortar containing ordinary portland cement (OPC), Meta-kaolin
(MK) and slag for applications in 3D concrete printing have been studied. Both natural and
manufactured sand used in this study are well graded with maximum particle size of 1.18
mm.

7.3

Materials and methods

7.3.1 Materials
3D printable mix, which was pumpable, extrudable and retained shape after extrusion was
used in this study. The mix contained ternary blends of OPC of 65%, MK of 5% and slag
of 30% with water to binder ratio of 0.3 and chemical admixtures such as superplasticizer
(SP), viscosity modifying agent (VMA), set-retarding admixture and polypropylene fiber
of 0.4%, 0.4%, 0.07% and 0.05% respectively. The ternary mix had desired flow of 133%
and higher open time. Materials used in this study had chemical composition showed in
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Table 7.1. Graded sand with a maximum particle size of 1.18 mm is used in this study.
Replacement levels 0%, 25%, 50%, 75% and 100% of natural sand with manufactured sand
was used in this study to determine the effect on various properties as discussed before.
Ratio of sand to cement ratio used was 1.22. The mix notations used in this study are shown
in Table 7.2.
Table 7.1- Chemical composition of materials

Chemical
Composition (%)

Type I/II Cement
(%)

Meta-kaolin
(%)

Slag
(%)

SiO2
Al2O2
Fe2O3
CaO
MgO
Na2O
K2O
SO3

19.93
4.77
3.13
62.27
2.7
0.06
0.48
2.65

52.4
44.3
0.5
0.02
0.12
0.01

38.17
7.31
0.78
39.12
12.48
0.2

Table 7.2- Mix notations used in this study
Mix notation

Natural sand (%)

Manufactured sand (%)

MS0

100

0

MS25

75

25

MS50

50

50

MS75

25

75

MS100

0

100

157

7.3.2 Methods
Tests on fresh properties
The ability to determine the pumpability of the mortar mixture was found by evaluating
the flow behavior of the mixture by performing Flow table test as per ASTM C1437 [16].
Influence of vibration on the mixtures and flow behavior was determined using modified
mini-slump test. Mini slump cone is half the scale of a standard slump cone as per ASTM
C143 [17]. The loss in workability was determined by plotting average diameter of the
mini slump spread against time. This test was performed on a vibrating table which has a
glass plate mounted on it. The vibrating table had a constant amplitude of 40G (1287
ft/s^2) and frequency of 60 Hz. The mortar was tamped in place when the cone was filled
in layers of three. The mini slump cone was lifted, and the spread diameter was recorded.
The vibrating table was switched on and the time taken to reach the spread dimeter of
22cm was recorded. The yield stress and plastic viscosity of the mixes are determined
using ICAR plus rheometer. The static yield stress is obtained from stress-growth test and
dynamic yield stress is obtained from flow-curve test [18]. The yield stress shown in the
present study is static yield stress.
Tests on hardened properties
Compressive strength test of the mortar samples was determined as per ASTM C109 [19].
2-inch cube specimens were casted for this test and tested for 7 and 28 days to obtain the
compressive strength. Flexural strength of the mortar samples was determined as per
ASTM C78 [20]. Test prisms were of dimensions 1.57 in x 1.57 in x 6.3 in for the flexural
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test and they were tested for 7 and 28 days. Split tensile strength of the cylinder specimens
was determined as per ASTM C496 [21]. Cylinders were of dimensions 3 in x 6 in and
they were tested for 7 and 28 days. Average value was obtained from the three specimens
tested in all of these tests.

7.4

Results and discussion

7.4.1 Physical properties of natural sand and manufactured sand
The physical properties of natural sand and manufactured sand used in this study are shown
in Table 7.3. The percent void content is measured using ASTM C1252 [22] and other
properties are measured using ASTM C128 [21] respectively. Microscopic images of
natural sand and manufactured sand are shown in Figure 7.1. The manufactured sand has
sharp edges and corners and rough surface while natural sand is round in appearance and
smooth in surface.
Table 7.3- Physical properties of sand

Properties

Natural sand

Manufactured sand

Unit weight (Kg/lit)

1.622

1.607

Void (%)

38.79

41.13

Specific gravity

2.65

2.73

Water absorption (%)

0.5

0.75
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(a)

(b)

Figure 7.1 Particle shape and size of (a) Natural sand (b) Manufactured sand

7.4.2 Flow behavior
Percent flow of the mixes was determined using flow table test in accordance with ASTM
C1437. It was determined from this test that increase in levels of manufactured sand
reduced the flow of the mortar as shown in Figure 7.2. Due to the rough surface particles
of manufactured sand, the demand for water is more in the mortar when the levels
increased.
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Figure 7.2 Percent flow data with increase in M-sand levels

7.4.3 Rheological behavior
The rheological properties of the mixes are measured using ICAR plus rheometer. Yield
stress of the mixture increases with increase in dosage levels of manufactured sand. The
rough and angular surface texture of manufactured sand causes the mix to become more
stiffer because of more water demand and the void content of this sand is higher than
natural sand causing water to get stuck in voids of the mixture. This causes the yield stress
to increase with increase in levels of M-sand as shown in Figure 7.3. Plastic viscosity of
the mixtures increased with increase in levels of manufactured sand as shown in Figure
7.4. Cohesivity and stiffening property of the mixes increase with increase in plastic
viscosity of the mixtures.
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Figure 7.3 Increase in yield stress with increase in M-sand levels
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Figure 7.4 Increase in plastic viscosity with increase in M-sand levels
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7.4.4 Response to vibration of the mixtures
The impact of vibration on different mixtures and the flow behavior was studied by using
mini-slump cone test. The time taken to reach a spread of 22 cm was determined for all the
mixtures with increase in manufactured sand replacement levels. It was noted that MS-25
and MS-0 responded to vibration faster than other mixes. MS-25 responded to vibration
even faster than MS-0 and when the manufactured sand levels increased more than 25% in
the mixture, the mix started getting stiffer leading to delay in response to vibration as shown
in Figure 7.5.
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Figure 7.5 Response to vibration with increase in replacement levels of M-sand
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Based on this test, vibration time index is calculated for all the mixtures based on the
formula given below. Table 7.4 shows the vibration time index of all the mixtures shown
in Table 7.2. Ideal VTI value for MS-50 mix is determined to be 0.93 based on this
experiment.

𝐕𝐢𝐛𝐫𝐚𝐭𝐢𝐨𝐧 𝐭𝐢𝐦𝐞 𝐢𝐧𝐝𝐞𝐱
=

𝐓𝐢𝐦𝐞 𝐭𝐚𝐤𝐞𝐧 𝐭𝐨 𝐫𝐞𝐚𝐜𝐡 𝐭𝐡𝐞 𝐬𝐩𝐫𝐞𝐚𝐝 𝐨𝐟 𝟐𝟐𝐜𝐦 𝐰𝐢𝐭𝐡 𝐯𝐢𝐛𝐫𝐚𝐭𝐢𝐨𝐧
𝐓𝐢𝐦𝐞 𝐭𝐚𝐤𝐞𝐧 𝐭𝐨 𝐫𝐞𝐚𝐜𝐡 𝟐𝟐 𝐜𝐦 𝐢𝐧 𝐅𝐥𝐨𝐰 𝐓𝐚𝐛𝐥𝐞 (𝐀𝐒𝐓𝐌 𝐂𝟏𝟒𝟑𝟕 𝐌𝐞𝐭𝐡𝐨𝐝) = (𝟏𝟓 𝒔𝒆𝒄𝒔)

Table 7.4 Vibration time index of mixes in Table 7.2

Mix type

Vibration time index

MS-0

0.78

MS-25

0.71

MS-50

0.93

MS-75

1.08

MS-100

1.2
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7.4.5 Compressive strength
The compressive strength test performed as per ASTM C109 is shown in Figure 7.6.
Direction of load application was perpendicular to direction in which the layers were cast.
The 7- and 28-day compressive strength was tested for all the mixes. The compressive
strength increased with increase in manufactured sand replacement levels up to 50% and
the strength gradually decreased with increase in M-sand replacement levels more than
50%. The strength of the mixture with 100% natural and manufactured sand was similar in
both 7 and 28 days. This clearly shows that the replacement levels of M-sand up to 50%
with respect to compressive strength in 3D printing mixtures.
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Figure 7.6 Compressive strength
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7.4.6 Flexural strength
The flexural strength test was performed as per ASTM C78. Direction of load application
was perpendicular to direction in which the layers were cast. The 7- and 28-day flexural
strength was tested for all the mixes as shown in Figure 7.7. The flexural strength increased
with increase in manufactured sand replacement levels up to 50% and the strength
gradually decreased with increase in M-sand replacement levels more than 50%. The
strength of the mixture with 100% natural and manufactured sand was similar in both 7
and 28 days. This clearly shows that the replacement levels of M-sand up to 50% with
respect to flexural strength in 3D printing mixtures.
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Figure 7.7 Flexural strength
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7.4.7 Split-tensile strength
The split tensile strength test was performed as per ASTM C496. The layer height of 1.5
in each were casted in direction parallel to the applied load. The 7- and 28-day split tensile
strength was tested for all the mixes are shown in figure 7.8. Split tensile strength increased
with increase in manufactured sand replacement levels up to 50% and the strength
gradually decreased with increase in M-sand replacement levels more than 50%. The
strength of the mixture with 100% natural sand was higher compared to 100%
manufactured sand in the mixture at both 7 and 28 days. This clearly shows that the
replacement levels of M-sand up to 50% with respect to split tensile strength in 3D printing
mixtures.
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Figure 7.8 Split-tensile strength
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7.5

Conclusion

In this study, the replacement levels of manufactured sand with natural sand have been
studied for various properties like flow, rheology and mechanical properties.
Increase in levels of manufactured sand decreased the percent flow of the mixtures.
This is due to rough surface of the manufactured sand particles and higher void
content.
Yield stress and plastic viscosity of the mixtures increased with increase in
replacement levels of manufactured sand in the mixtures.
The mixes responded to vibration faster up to 25% replacement of M-sand. It has
taken longer duration to reach the spread of 22 cm for 50%, 75% and 100%
replacement levels of sand. Ideal VTI value for MS-50 mix is found to be 0.93.
The sharp edges of the particles in M-Sand provide better bond with cement and
MK than rounded particles of natural sand resulting in higher strength up to
optimum replacement. Full replacement of M-sand leads to higher number of voids
as shown in the results before, the void content of M-sand is higher than that of
natural sand and the paste content required is higher. Partial replacement of up to
50% leads lesser number of voids in the mixture and the voids which are present
are filled with natural sand particles so there is better particle packing in the
mixture.
The flexural and compressive strength increased with increase in manufactured
sand replacement levels up to 50% and the strength gradually decreased with
increase in M-sand replacement levels more than 50%. The compressive and
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flexural strength of the mixtures with 100% natural and manufactured sand was
similar in both 7 and 28 days.
The split tensile strength increased with increase in manufactured sand replacement
levels up to 50% and the strength gradually decreased with increase in M-sand
replacement levels more than 50%. The strength of the mixture with 100% natural
sand was higher compared to mix having 100% manufactured sand in the mixture
at both 7 and 28 days.
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CHAPTER 8
Interlayer bond strength in fresh state of 3D printable
cementitious mixtures
8.1

Introduction

Construction industry is responsible for utilizing 50% of the global steel produced and
responsible for 20% of greenhouse gases emissions. To solve these environmental issues,
a demand has been created to develop new technologies which improve sustainability [1].
Due to construction industry being mainly relying on the traditional craft-based methods,
technology in this sector is considered to be lagging behind. Recent developments have
been made to adopt to new technologies by the introduction of digitalization and
automation in the fabrication process of modular precast components to decrease the
fabrication and construction times [2]. With efficiency of material, energy and cost being
higher for the additive manufacturing than traditional process is the main reason for it to
be used in a wide range of industries [1,3]. Easy access and inexpensive raw materials of
concrete, flowability, mechanical properties and ability to take any shape are few of the
reasons for concrete being widely used as a construction material and a reliable material
for the additive manufacturing [4,5].
Interlayer strength which is the bond strength between layers of extruded concrete
is one of the limitations of concrete 3D printing. Defects in a 3D printed concrete structure
are mainly observed near these interfaces due to insufficient adhesion between the layers
[6]. Strength of the printed structure is anisotropic, varies with the direction of loading
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because homogeneity of the printed concrete cannot be achieved due to the lack of proper
interlayer bonding [4,5,7]. Structuration rate and print speed are few of the variables which
influence the interlayer strength of the printed concrete [4,5,7]. Balance between the print
speed and the structuration rate is achieved by identifying proper delay time [5,8]. This is
having to high enough to achieve the required green strength of the previous layer and short
enough to attain the required bonding between the layers [9].
One of the major factors that contributes for insufficient bonding between the layers
is the evaporation of the surface moisture [9]. Usually, formwork which encloses the
concrete prevents the moisture loss from the surface. However, in 3D printing, moisture on
the surface is exposed to environment and creating moisture loss which could be due to the
time delay between the layers. Insufficient water at the interface for hydration to happen is
because of the uneven drying pattern along the surface which thereby reduced the layer
adhesion [10]. Another factor which contributes to the low interlayer strength is lack of
sufficient contact area between the layers [11].
Imposing geometrical constraints to oppose the separation based on the elements is
called topological interlocking. This concept of topological interlocking has been proposed
as a solution to increase the interlayer bonding [12]. Interface contact area is expanded by
creating a grooved interlocking which increases the interlayer adhesion, ability to
withstand vibration and lateral loads [12]. To increase the effective contact area, a method
to deposit the cement paste layer between the layers of concrete [12]. and to increase the
bonding strength, a chemical adhesive spraying method between the concrete layers have
been proposed [12, 4]. The principal objective of this study is to determine the interlayer
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bond strength in fresh state in the binary and ternary blends of cementitious mortars
containing MK and Slag at different dosage levels using J-shear apparatus.

8.2

Mix design
Incorporating SP, VMA, SR and PP fibers, a control mixture (C0) was developed

and this mixture was used as a reference mixture to compare the effect of MK, slag and
their combinations on the mix properties as shown in Table 8.1. The dosages of SP, VMA
and retarders were optimized to achieve similar flow, open time and shape stability of the
mixtures. Sand-to-cement (s/c) ratio of 1.22 was found to be suitable for developing a mix
with desired flow. 3D printable mix, which was pumpable, extrudable and retained shape
after extrusion was used in this study. The mix contained ternary blends of OPC of 65%,
MK of 5% and slag of 30% with water to binder ratio of 0.3 and chemical admixtures such
as superplasticizer (SP), viscosity modifying agent (VMA), set-retarding admixture and
polypropylene fiber of 0.4%, 0.4%, 0.07% and 0.05% respectively. The ternary mix had
desired flow of 133% and higher open time. Graded sand with a maximum particle size of
1.18 mm is used in this study. Replacement levels 0%, 25%, 50%, 75% and 100% of natural
sand with manufactured sand was used in this study to determine the interlayer bond
strength using J-shear apparatus. Mix notation showing the replacement levels is shown in
Table 8.2.

176

Table 8.1- Mix design adopted in this study
Mix
No

Mix
Notation

Mix Description

SP
(%)

VMA
(%)

1
8
9
10

C0
MK-5
MK-7.5
MK-10

Control
C-95%, MK-5%
C-92.5%, MK-7.5%
C-90%, MK-10%

0.3
0.3
0.3
0.3

1.22
1.22
1.22
1.22

0.3
0.4
0.45
0.5

11

S-30

C-70%, S-30%

0.3

1.22

12

S-40

C-60%, S-40%

0.3

13

S-50

C-50%, S-50%

14

MK-5 S-30

15

MK-7.5 S40
MK-10 S-50

C-65%, MK-5%, S30%
C-52.5%, MK-7.5%,
S-40%
C-40%, MK-10%, S50%

16

w/c
s/c
ratio ratio

0.2
0.4
0.4
0.4

PP
fibres
(%)
0.05
0.05
0.05
0.05

Set
Retarder
(%)
0.07
0.07
0.07
0.07

0.4

0.4

0.05

0.07

1.22

0.45

0.4

0.05

0.07

0.3

1.22

0.5

0.4

0.05

0.07

0.3

1.22

0.4

0.4

0.05

0.07

0.3

1.22

0.45

0.4

0.05

0.07

0.3

1.22

0.5

0.4

0.05

0.07

Table 8.2 Mix notation on various sand replacement levels

8.3

Mix notation

Natural sand (%)

Manufactured sand (%)

MS0

100

0

MS25

75

25

MS50

50

50

MS75

25

75

MS100

0

100

Description of the test method
Betiglu et.al., had formulated a test method in his research work to determine the

workability of fresh previous concrete by a portable device called J-shear [13]. Small size,
less weight and easy mechanism are few of the advantages of J-shear. These advantages
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are the reasons for its application in fields and labs. Figure 8.1 shows the construction of
this J shear which consists of two plastic boxes stacked vertically, support frame and angle
measurement by a tilting table. Following the dimensions of the plastic boxes and the
support used in this device. Outer box: 14.5 cm x 14.5 cm x 9.5 cm with a wall thickness
of 0.19 cm. Bottom box: 14.5 cm x 14.5 cm x7cm. Plastic frame: 35 cm x 20 cm x 17 cm.
Four frictionless bearing are used to support the top box. These bearings slides in the two
grooves inside the plastic frame. Special pin-lock in lower box keeps both top and bottom
box locked up in place.

Figure 8.1- J-shear box

Internal shear resistance of the mixes is determined by adopting the following test
procedure:
1. Scale is set to zero after placing the device on the scale.

2. 1600 g of mix is poured from a height of 200 mm into the box assembly.
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3. After placing the device with the mix on the tilting rack, the rack angle is set to 5
degrees.
4. To create a shearing force, a 6kg weight Is kept on the top box.
5. Pin holding both the boxes is released and then by a constant radial speed of 20 degrees
per minute the rack is tilted gradually. This is continued until a relative displacement
more than 30 mm is observed between the upper and lower boxes. Tilt angle and weight
of the displaced mix is recorded and used in the calculation of normal and the shearing forces.
By changing the sample weight of the mixes to 2100 g and 2600 g the experiments are repeated.

Weight of the mixture displaced in the top box and the tilting angle are obtained
from the test and these two parameters are used to calculate the shear stresses at the failure
with the help of the following equations. The schematic model of the J-shear stress analysis
is shown in Figure 8.2.
Equation 1: Shear Stress () in kPa = ((L + B +MT) * 9.81 * sin)/A.

[13]

Where:
MT = Mass of the sample in the top box, Usually MT is determined by measuring the weight
of concrete displaced by the top box, L = Load, B = Mass of the top box,  = Sample shear
angle in degrees, A= Surface area of the plane
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Figure 8.2 Model showing the J-shear stress analysis [13]

8.4

Results and discussion
The J-shear test has been performed on binary mixes of MK as shown in figure 8.3.

It is determined from the test that when the dosages of MK increase, tilting angle increased
which increased the shear stress at the failure. The stress required to shear increases in the
failure plane which correlates to bond between the layers. So, when dosages of MK
increases, the interfacial bond strength also increases. This is due to the increase in specific
surface area which makes the mixture stiff as shown in Figure 5.5a.
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Figure 8.3 Shear strength of binary mixes of MK

The J-shear test has been performed on binary mixes of slag as shown in figure 8.4.
It is determined from the test that when the dosages of slag increase, tilting angle decreased
which decreased the shear stress at the failure. The stress required to shear decreases in the
failure plane it correlates to bond between the layers. So, when dosages of slag increases,
the interfacial bond strength also decreases. Slag particles have a smooth surface which
does not attract more water. Water remains on the surface of slag and does not bind unlike
MK.

181

16

2.5

14

θ at failure

10

1.5

8
1

6
4

0.5

2
0

0
C0

S-30

S-40

S-50

Mix type
θ at failure

Shear Stress (Kpa)

Figure 8.4 Shear strength of binary mixes of slag

The J-shear test has been performed on the mix which various sand replacement
levels 0%, 25%, 50%, 75% and 100% of natural sand with manufactured sand to determine
the interlayer bond strength. It is determined from the test that when the dosages of
manufactured sand increased, tilting angle increased which increased the shear stress at the
failure. The stress required to shear increases in the failure plane it correlates to bond
between the layers. So, when dosages of manufactured sand increases, the interfacial bond
strength also increases as shown in Figure 8.5.
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Figure 8.5 Shear strength of ternary mixes of MK and slag

The J-shear test has been performed on ternary mixes of MK and slag as shown in
figure 8.6. It is determined from the test that when the dosages of MK+slag increase, tilting
angle increased which increased the shear stress at the failure. The stress required to shear
increases in the failure plane it correlates to bond between the layers. So, when dosages of
MK+slag increases, the interfacial bond strength also increases. This is due to the increase
in specific surface area which makes the mixture stiff as discussed in Figure 5.5a.
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Figure 8.6 Shear strength of mix with sand replacement levels

8.5

Conclusion
The interlayer shear resistance to externally applied shear stress is measured
using the J-shear device. The workability properties of the mixture can be
qualitatively evaluated using this.
The interlayer bond strength of binary and ternary blends has been determined
using J-shear test. The bond strength increased with increase in MK content in
the binary mixes of MK since increase in MK content makes the mix stiffer,
more cohesive and less flowable.
The interlayer bond strength decreased with increase in binary blends of slag
since increase in slag content makes the mix fluid enough and flow increases.
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The interlayer bond strength increases with increase in ternary blends of MK
and slag. increase in MK content makes the mix stiffer, more cohesive and less
flowable.
It is determined from the test that when the dosages of manufactured sand
increased, the interfacial bond strength also increases.

8.6

References
1. Craveiro, F., Duarte, J., Bártolo, H., & Bártolo, P. (2019). Additive manufacturing
as an enabling technology for digital construction: A perspective on construction
4.0. Automation in Construction, 103, 251-267. doi:10.1016/j.autcon.2019.03.011
2. Seraderian, R. (2019). In Prestressed Concrete Class (Ed.), Prestressed and precast
concrete
3. De Schutter, G., Lesage, K., Mechtcherine, V., Nerella, V. N., Habert, G., &
Agusti-Juan, I. (2018). Vision of 3D printing with concrete — technical, economic
and environmental potentials. Cement and Concrete Research; SI : Digital Concrete
2018, 112, 25-36.
4. Wangler, T., Roussel, N., Bos, F. P., Salet, T. A. M., & Flatt, R. J. (2019). Digital
concrete: A review doi://doi.org/10.1016/j.cemconres.2019.105780
5. Wangler, T. (Nov 11, 2018). Digital concrete processing: A review. Paper
presented at the 1st International Conference on 3D Construction Printing,
6. Sanjayan, J. G., Nematollahi, B., Xia, M., & Marchment, T. (2018). Effect of
surface moisture on interlayer strength of 3D printed concrete. Construction and

185

Building

Materials,

172,

468-475.

doi://doi.org/10.1016/j.conbuildmat.2018.03.232
7. Buswell, R. A., Leal, d. S., Jones, S. Z., & Dirrenberger, J. (2018). 3D printing
using concrete extrusion: A roadmap for research. Cement and Concrete Research;
SI

:

Digital

Concrete

2018,

112,

37-49.

doi://doi.org/10.1016/j.cemconres.2018.05.006
8. Roussel, N. (2018). Rheological requirements for printable concretes. Cement and
Concrete

Research;

SI

:

Digital

Concrete

2018,

112,

76-85.

doi://doi.org/10.1016/j.cemconres.2018.04.005
9. Sanjayan, J. G., Nematollahi, B., Xia, M., & Marchment, T. (2018). Effect of
surface moisture on interlayer strength of 3D printed concrete. Construction and
Building

Materials,

172,

468-475.

doi://doi.org/10.1016/j.conbuildmat.2018.03.232
10. Keita, E., Bessaies-Bey, H., Zuo, W., Belin, P., & Roussel, N. (2019). Weak bond
strength between successive layers in extrusion-based additive manufacturing:
Measurement and physical origin. Cement and Concrete Research, 123, 105787.
doi://doi.org/10.1016/j.cemconres.2019.105787
11. Nerella, V. N., Hempel, S., & Mechtcherine, V. (2019). Effects of layer-interface
properties on mechanical performance of concrete elements produced by extrusionbased 3D-printing. Construction and Building Materials, 205, 586-601.
doi://doi.org/10.1016/j.conbuildmat.2019.01.235

186

12. Zareiyan, B., & Khoshnevis, B. (2017). Effects of interlocking on interlayer
adhesion and strength of structures in 3D printing of concrete. Automation in
Construction, 83, 212-221.
13. Jimma, Betiglu Eshete, "Workability-Integrated Mixture Proportioning Method for
Pervious

Concrete"

(2014). All

https://tigerprints.clemson.edu/all_dissertations/1541

187

Dissertations.

1541.

CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS

This work focused on evaluating the impact of various SCM’s such as Meta-kaolin,
Silica fume, Slag at different dosage levels on the fresh, rheological and hardened
properties of concrete for applications in 3D printing. The effect of vibration on the flow
behavior of the mixtures was studied by developing the concept of Vibration Time Index
(VTI). Influence of layer interval time of 0 min, 5min, 10 min and 20 min has been
investigated on the fresh, rheological and hardened properties of cementitious mortar and
guidance on the maximum allowable time between layers is recommended. Impact of use
of manufactured sand instead of natural sand and in combination with natural sand at
various replacement levels of 0%, 25%, 50%, 75% and 100% have been studied. Interlayer
bond strength in fresh state for MK, slag and combination mixtures has been studied. Based
on this study and the experimental set up used for 3D printing of the mortarusing a hose
and the nozzle diameter of 1.25 inches, following are the guidelines for few important
parameters:
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Table 9.1 Guidelines to 3D print a mix based on this study

Between 126% to 133%

Flow range

Binary Mixtures: SF-5%, MK5%
Recommended dosage of SCMs

Ternary Mixtures: SF 5% and
Slag 30%; MK 5% and Slag
30%

Vibration time index

For SF & Slag mixes, between
0.60 to 0.75
For MK & Slag mixes, between
0.50 to 0.70

Yield stress during extrusion

Between 50 to 200 Pa

Plastic viscosity during extrusion

Between 12 to 30 Pa.s

Interlayer bond strength or shear stress (fresh

Between 2.5 to 3 KPa

state)
Layer interval time

No more than 5 min

Manufactured Sand replacement levels with

Up to a maximum of 50% by mass

natural

replacement

189

9.1

CONCLUSIONS
Based on this study, the following conclusions have been drawn:
1. Achieving a flow value between 126% and 133% based on standard flow test
(ASTM C1437) was essential in obtaining a mixture that is extrudable.
2. For a given mix design, increase in silica fume content resulted in a decrease in the
flow value in both binary and ternary mixtures, while an increase in slag content
did not affect the flow behavior significantly. However, to offset the negative effect
of SF on the flow behavior of the mix, both w/c ratio and SP dosage can be varied
independently to achieve a desired level of flow.
3. At a given dosage level of set retarding agent, increase in SF content, both in binary
and ternary blends, resulted in decrease in open time, while an increase in slag
content resulted in an increase in open time. Open time and setting time of all
mixtures followed similar trends.
4. Rheological parameters such as yield stress and plastic viscosity varied across
different mixtures depending not only on the mixture composition but also with
time after mixing.
5. Binary mixtures containing either SF or Slag showed improved performance in 28day compressive strength with increasing dosage levels, with SF mixtures
performing better than Slag mixtures. However, ternary mixtures with SF and Slag
showed lower strength gain than corresponding binary mixture with SF.
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6. Similar trend was observed in flexural and split-tensile strength at 7 and 28 days
for binary mixtures of SF and Slag. However, Slag mixtures showed lower split
tensile strength at all dosage levels compared to SF mixtures.
7. In ternary mixtures containing MK and S, both yield stress and plastic viscosity
showed higher values at the end of open time compared to freshly mixed state.
Also, both yield stress and plastic viscosity showed a significant increase with
increase in the dosage levels of SCMs (i.e. MK+S content), as compared to the
respective binary mixtures.
8. Of all the mixtures studied, MK-5, MK-5 S-30 and S-30 exhibited longer open time,
while still meeting the desired flow requirements. Also, these mixtures showed a
very favorable response in flow when subjected to vibration.
9. Binary mixtures containing either MK or Slag showed similar performance in
compressive strength at all dosage levels at a given age, with MK mixtures
performing better than Slag mixtures. However, ternary mixtures with MK and
Slag showed lower strength than respective binary mixtures. The MK mixtures
showed similar trend in flexural and split-tensile strength at 7 and 28-days.
However, Slag mixtures showed lower split tensile strength at higher dosage
levels.
10. Mix M-5 S-30 was used to test for further properties since the open time
characteristics for this mix was higher compared to other mixes and this mix
achieved shape retention when observed visually while extruding from the nozzle.
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This mix was tested for layer interval time and effect of aggregate shape. Points 11
to 20 show the conclusions based on the tests conducted on this mixture.
11. Percent flow of the mixes remain unchanged at various time intervals after mixing,
However, after 20 min of mixing there was a slight decrease of 10% in percent
flow compared to 0min time interval.
12. Yield stress increased with increase in time after mixing for ternary blended mix.
Yield stress tested after 20 minutes of mixing i.e., for M20 mix 3 to 4 times higher
compared to others. Plastic viscosity gradually increased from 22.5 Pa.s to 27.5
Pa.s when the time after mixing increased to 20 min.
13. Shear stress and normal stresses at failure plane for M0 and M5 were two times
higher compared to other mixes. Stresses decreased with increase in time gap which
means bond between layers was getting weaker.
14. When the interface between the layers was perpendicular to the direction of applied
load, the compressive strength was lower compared to layers which was parallel to
the direction of applied load. Compressive strength decreased significantly for M10
and M20 from 70 Pa to 55 Pa at 28 days which is a clear indicator that when the
time gap is increased strength decreased. Flexural strength did not show any
significant variation in both the loading conditions, however strength reduced with
increase in time gap between the layers. M10 and M20 showed decrease in splittensile strength at early ages than later ages compared to other mixes.
15. Increase in layer interval times M10 and M20 had higher rate of absorption
compared to M0 and M5 mix.
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16. Increase in levels of manufactured sand decreased the percent flow of the mixtures.
This decrease was negligible and is due to rough surface of the manufactured sand
particles and higher void content.
17. Yield stress and plastic viscosity of the mixtures increased with increase in
replacement levels of manufactured sand in the mixtures. Yield stress increased
from 52 Pa to 90 Pa with 100% replacement of M-sand and plastic viscosity
increased from 22.5 Pa.s to 27.5 Pa.s with 100% replacement of M-sand.
18. The mixes responded to vibration faster up to 25% replacement of M-sand. It has
taken longer duration to reach the spread of 22 cm for 50%, 75% and 100%
replacement levels of sand. The response time increased from 8 seconds to 18
seconds with 100% replacement of M-sand.
19. The flexural and compressive strength increased with increase in manufactured
sand replacement levels up to 50% and the strength gradually decreased with
increase in M-sand replacement levels more than 50%. The compressive and
flexural strength of the mixtures with 100% natural and manufactured sand was
similar in both 7 and 28 days. The sharp edges of the particles in M-Sand provide
better bond with cement and MK than rounded particles of natural sand resulting in
higher strength up to optimum replacement. Full replacement of M-sand leads to
higher number of voids as shown in the results before, the void content of M-sand
is higher than that of natural sand and the paste content required is higher. Partial
replacement of up to 50% leads lesser number of voids in the mixture and the voids
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which are present are filled with natural sand particles so there is better particle
packing in the mixture.
20. The split tensile strength increased with increase in manufactured sand replacement
levels up to 50% and the strength gradually decreased with increase in M-sand
replacement levels more than 50%. The strength of the mixture with 100% natural
sand was higher compared to mix having 100% manufactured sand in the mixture
at both 7 and 28 days.
21. The interlayer bond strength increased with increase in binary mixes of MK. The
interlayer bond strength decreased with increase in binary blends of slag. The
interlayer bond strength increases with increase in ternary blends of MK and slag.
Increase in MK content makes the mix stiffer, more cohesive and less flowable. It
is determined from the test that when the dosages of manufactured sand increased,
the shear stress at the failure also increases. The stress required to shear increases
in the failure plane it correlates to bond between the layers. So, when dosages of
manufactured sand increases, the interfacial bond strength also increases.

9.2

RECOMMENDATIONS

In this study, the optimum dosage levels of various SCM’s and their properties on 3D
printable concrete have been studied. However, following additional studies could be
helpful in determining the feasibility of cementitious mixtures for 3D printing in
construction industry:
To develop new test methods for evaluating the shape retention capability of 3D
printable mixture.
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To develop test methods to determine the interlayer bond strength in hardened state.
To integrate reinforcement in 3D printed structures and check for load bearing
capacities for high-rise construction.
To develop new test methods for evaluating the buildability of 3D printable
mixture.
Even though the mix rheology is important for developing a 3D printable mixture,
proper coordination and calibration with the machinery is a challenge and has to be
addressed
Investigation of incorporating proper design guidelines to achieve the performance
requirements of 3D printable concrete has to be done.
Since the printing process does not contain formwork, drying shrinkage problems
need to be investigated further.
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